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ANNOTATION

This book describes methods of interpretation and results
of measurements of the optical characteristics of the Earth,
obtained by means of artificial satellites with the object of
determining the physical parameters of the atmosphere, the
clouds, and the Earth's surface. The methods are based on
the use of a priori statistlical characteristics of the struc-
ture of fields of the Earth's atmospheric parameters. Methods
are presented for solving the problems of determining the tem-
perature of the ground surface, and the femperature and charac-
teristics of the three-dimensional structure of the cloud
cover from measurements of radiation in the visible and infrared
regions of the spectrum, taken from the satellites Kosmos 149,

Kosmos 243 and Kosmos 320.

The bock is intended for the use of scientists, graduate
students and undergraduates specializing in atmospheric physics,

meteorclegy and astrophysies.
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PREFACE

The use of artificial Earth satellites (AES) to study the /T
Earth's atmosphere, which 1n recent years has engaged the
attention of a growing number of investigators in the fields cof
atmospheric physics, meteorology, astrophysics, and neighboring
applied sciences, is one reason for the great expansion of
investigations of the Earth's radiation field and for a compre-
hensive study of the processes and factors responsible for the
formation and fransformation of radiation on the Earth. At least

two factors have stimulated these investigations.

The first, and undoubtedly the most important,ﬁactor is
that practically all the Information on the state of the atmosphere
and the Earth's surface, as well as processes in the troposphere and]
the stratosphere which are important for problems in atmospheric
physics and meteorology, can be obtained from a satellite by
measuring the radiation reflected from the radiating Earth to

outer space in various ranges of the electromagnetic wave spectrum.

The second factor stems from the special features of satellite
measurements, which make up a complex of contemporary investiga-
tions of the physical mechanism of atmogpheric processes on a world
scale. By means of satellites we can obtain, in a short space
of time (and even simultaneously, with appropriate launching of
several satellites) the fileld of emitted radiation for all regions
of the globe, and can track the spatial and timewise variation of
the radiation, and therefore can study the variability of the
meteorclogical phencemena and the physical parameters of the atmos-
phere responsible for the generation of the radiation fields.

® Numbers in the margin indicate pagination of original|
foreign text. ’
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Certaln aspects of experiments to investigate the FEarth's
radiation field by means of satellites, including their great
cost, require us to conduct theoretical investigations whose main

purposes are:

1) To obtain a basic recommendation regarding the desirabil-

ity of performing a certaln experiment, to evaluate its feasibility,

and to formulate requirements for the experiment, consistent with

the task adopted;

2) To establish quantitative relations between the atmospheric

parameters to be determined with an allowable accuracy, and the
characteristics of the radiation fieldjto be measured with an

actually attainable accuracy;

3) A statement of the use of existing information on the
physical parameters of the atmosphere in conducting measurements

which are insufficlently complete at a given technical level;

4) To set up algorithms for processing the data from
satellite measurements and to extract useful information regarding
the physical mechanism of propagation of radiation and the random

nature of the measured and desired parameters;

5} fTo develop methods for solving certain prospective
problems in investigating the lower levels of the atmosphere and
the underlying surface by means of satellite measurement of the

Earth's radiation field.

The present monograph contains results of investigations 1n
this direction, which the author, and a group of co-workers at
the Institute of Atmospheric Physics of the Academy of Sciences
of the USSR (IFA), has carried out while developing methods of



optical probing of the Earth's atmosphere from satellites.

These investigations were used, in particular, to design a
scientific program of optical measurements on the AES's Kosmos
149, Kosmos 243, Kosmos 320, and to develop a group of onboard
scilentific equipment to accomplish these measurements, as well as

processing and interpretation of the experimental data.

Tt should be mentioned that only part of the results presented
can be considered as complete, in the sense that they have been
confirmed, where possible, by experiment in similar or sufficiently
close conditions. These other results of the work can be used in
future development of methods of optical probing of the atmosphere
by means of AES's and of corresponding experimental investlgations
which either have| been already begun, or should be conducted in

the future.

Naturally, the development of the rather wilde range of
topics considered in the book would be meaningless without the close
scientific contact that the author has had with a number of his
co-workers at the IFA and in related scientific establishments.

The author wishes to express his deep indebtedness to
G. V. Rozenberg for a number of valuable ideas used in the
present investigations, as well as to V. I. Dianov-Klokpv,
V. P. Koglgv, V. F. Turchin, and Ye. M. Feygel'son, with whom
individual topics were discussed. The author also thanks V. G,
Boldyrev, A. K. Gorodetskiy, I. A. Gorchakov, L. G. Ismotina,
L. I. Koprova, &. P.]Orlov, T. A. Sushkevich, V. I. Syachinov,
G. P. Faraponciva, L. U./Chagar, and L. M. Shukurof who took part
in developing a number of topies and V. Ye. Vvedenskiy, K. S.
Glazova, Z. N. Tarasenkov and N. S. Filippdva for|their help in

caleculations and in producing the figures.
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Finally, the author feels obliged to comment that the
investigations which have been made are based on principles
developed in the work of the now deceased Ye. 3. Kuznetsow, under

whose guidance the author began his sclentifilic activity.
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INTRODUCTION

The many experimental and theoretical investigations of the /9
transport of solar radiatlon in the Earth's atmosphere and on the|
Farth's self radiation have allowed us to build up a definite theory|
of the radiation field of our planet and in some cases to establish
quantitative relations between the radiation characteristics
and the physical parameters of the atmosphere which are responsible
for the Earth's radiation conditions. A comprehensive study has
also been made of the optical properties of atmospheric substances
which are active in the radiation sense, and of the underlying
surface, which plays an important part in forming the Earth's
radiation field. A special section of atmospheric optics deals
with investigations of the propagation of radiation in clouds,
or more generally, in optically denise media.

The quantitative relationship between characteristics of
the radiation field and parameters of the atmosphere or the under-
1lying surface has been used to solve a number of problems 1in
atmospheric physies. An example 1s the problem of determining
the concentration and total mass of atmospheric gases absorbing
solar radiation and the Farth's self radiation (water vapor,
ozone, etec.), and also the problem of determining characteristics
of aerosols which scatter the solar radiation, or of artificial

gources of radiation.



Another important example of the use of results of radlation
investigations is the problem of atmospheric energy balance, since
the difference between the fluxes of solar radiation and the Earth's
self radiation is the main source of energy for the processes

taking place in the Earth's atmosphere.

A systematic account of the results of investigations in the
area of atmospheric eptics has been given 1n monographs by K. Ya.
Kondrat'yev [1-3], G. V. Rozenberg [4], K. 3. Shifrin [5], V. V.
Sobolev [6], Ye. M. Feygel'son [I.7], and Goode [8] as well as in
the basic work of Ye. 3. Kuznetsov on the theory of radiation
transport in the Earth's atmosphere (see, e.g., [9]) and in a num-
ber of papers¥®. An analysis of the most important data on cal-
culations and measurements of characteristics of the Earth's
radiation field in the various spectral intervals 1s given in
Chapters 1 and 2.

The present stage of development of atmospheric eptics is
characterized by rising methods of studying radiation processes

developed for ideallzed models to study the real atmosphere.

The sclution to the problem is assoclated with considerable
difficulties, due mainly to the structural complexity and the
great spatial and timewise variabllity of the atmosphere, as well
as to the diversity of conditions under which propagation of

radiant energy occurs in reality.

¥ In this book we adopt the following notations for literature
references: when the reference 1s to another chapter, the chapter
number appears in front of the source number, while in other
cases ordinary numbering is used.



The great magnitude of the problem is very clear. The
advent of artificial Earth satellites has made its solution easier,
in the sense that one can rapidly obtain information from the
entire sphere of the Earth, since all regions can be uniformly
accessible to satellites. The presence of a large number of /10 ]
satellites in orbits allows us to obtain worldwlde information
simultaneously. However, besides these indisputable advantages,
investigations from satellites have an obvious shortcoming, viz.,
it 15 impossible to make direct measurements of the physical
parameters of the underlyilng atmosphere, information concerning
which is embodied in the characteristics of the radiation

emitted to outer space from the upper boundary of the atmosphere.

At least three kinds of problems pertaining to atmospheric
physics can be 1dentified, which can be solved and already are
being solved on the basis of radiation measurements obtained
from satellites (some of the results of these investigations
have been published in the books by Kondrat'yev [10,12], and
in collections of artieles [13, 151).

1. The first type of problem 1is associated with investi-

gations of the Earth's cloud cover derived from televlision
pictures or photometric or radiometric data obtained from a
satellite in the visible part of the spectrum on the illuminated
part of the Earth, and in the infrared — on the non-illuminated
side. The principle involved is as follows. From pictures of
cloud systems of various scales, one can evaluate the type of
cloud and also a number of meteornloglcal processes in the
atmosphere, since clouds serve as good 1lndicators of the nature,
position, and movement of pressure formations and frontal zones,
and the character of vertical currents and distribution of

precipitation zones.



The first results obtained from satellites of the series

Tiros (see [10, 12]) and Kosmos [16, 17], have shown that satellite
pictures of clouds allow us to determine the mailn features and even
some fine detalls of a meteorologlcal formation (this 1s particu-
larly important for reglons where cloud observations are rare oOr
totally absent). Also, analysils of the pictures enables us to
detect configurations of large-scale cloud systems, as well as a
number of properties of cloud formations and of associated atmos-
pheric conditions, which are in general inaccessible even for

a dense grid of ground meteorological stations.

However, the interpretation of the pictures obtained (nephol-
analysis) is limited mainly to determination of gqualitative
relationships, which are unavoidably subjective in nature. In
addition, these methods are applicable only to cases of ordered
configurations of cloud systems and do not lend themselves to the

use of high-speed computers.

It is well established that the distribution of cloud elements,
particularly those having dimensions from several kilometers to
several tens of kilometers (mesp-scale), is random. Therefore,
statistical methods of cloud picture processing are used at
present to determine quantitative characteristics of the structure
of cloud systems (the same thing is true of the interpretation
of data from absolute measurements of the characteristics of

the radiation field under cloudy conditions).

Questions on the débtermination of characteristics of the three-|
dimensional structure of cloud systems are considered in detail
in this book during investigation of the structure of radlation
fields (see Chapter 5).



2. A second type of problem is assoclated with determining
fluctuations in the Earth's radlation balance. The basic idea of

an experiment required to solve this problem is guite simple,

at first glance:a detector with a field of view of ~ 180°,

carried on a satellite and pointed towards the Earth, is used to
measure the flux of reflected solar radiation and of the

Earth's self radiation (or the sum of these fluxes), integrated
over all directions in the upper hemisphere, similar to what is
done on an aircraft or on ballcons. However, the performance of
these measurements, which could be used for reliable determina-
tion of the variation of fluxes of radiant energy — required, for
example, for weather prediction — encounters very serious
difficulties associated with the angular or the three-dimensional
structure of the radiation field. In fact, the solar radiation /11
reflected by various natural surfaces, clouds, or the atmosphere,
depends to a varying degree on the direction of incldence of the
direct solar radiation, and on the direction of reflection or
scattering (the self radiation of objects also depends on the

type of surface and the direction of observation).

With measurements of radiative fluxes on aircraft and balloons
in the field of view of wide-angle receivers, there are compara-
tively limited sections of the Earth's surface and atmosphere
for which one can assume that the angular distribution of radia-
tion is uniform throughout the region of survey {(only for cloud-
less conditions above a homogeneous surface of the Earth, or
for continuous cloud cover). This allows us to replace inte-
gration of radiation over all directions in the upper (or lower)

hemisphere by integration over the region of survey.

In the case of satellites, the field of view of a wide-angle
detector can encompass huge sectlons of the Earth, dlncluding

diverse objects with different angular distributions of emitted



radiation. Therefore, integration over space performed for these
measurements should not be considered as equivalent to integration
over directions for any part of a survey region, without appreciable
uncontrolled errors being inftroduced. In other words, these
measurements give quite a specific physical quantity, the flux of
radiant energy passing through a unit surface area of a sphere

with radius equal to the distance of the satellite from the

Farth's center. However, one cannot pinpoint a comparatively
limited region of the Earth to which this energy could be ascribed.

Hence one can conclude that the results of measurements of
radiagtive fluxes by wide-angle detectors have limited value, and
in any event, can give only the large-scale variations of the
radiative fluxes. In this sense the 1deas of Suomi (see [18])}
concerning the possibility of establishing a relationship between
radiative fluxes and pressure formations and cloud systems
have notbeen confirmed experimentally, as exemplified, in
particular, by the results of processing certain data on radia-
tive measurements on the satellite Explorer 7, as presented in

[191].

This was evidently the reason for using narrow angle de-
tectors (~ 50°) on satellites of the Tirop serles. However,
this substitution does not correct the situation, since as
before there 1is an averaging over a large area, while the
measured quantity loses a simple physical meaning. And even if
the measurements are made by a detector with a sufficiently
narrow field of view, so that its survey region can be considered
uniform in the radlation sense, as was done on satellltes of
the Kosmos [20] and the Nimbus [21] series, in fact what is
measured is the radiative intensity of this reglon in the
direction of the optical axis of the instrument, while the
radiation remains unknown in other directicns. By using theoreti-

cal calculatlons of the angular distribution of reflected solar

6



radiation and of the self radiation for certain models of the
atmosphere, one can recover the flux of reflected radiation from
the measured radiative intensity in only one direction, as was
proposed in the work of Shifrin, et al., [22,20]. Since this kind
of conversion is based on calculations of the angular distribu-
tion of radiative intensity for certain models of the atmosphere
and the underlying surface, the reliability of the method des-
cribed in the work is in need of experimental verification. How-
ever, the idea 1tself, of determining the reflected radiative
flux from measurements of narrow-angle detectors, even if the
radiative intensity is measured only in one direction, is en-
couraging. Following the work of [22], we consider the possi-
bility of obfaining the variations of fluxes both of reflected
solar radiation, and of the Earth's self radiation, by basing a
method on the dependence of the angular structure of the radiation
field on the vertical structure of the physical parameters of the
atmosphere (see Chapter 4).

3. A third type of problem embodies questions in optical

probing of the atmosphere ahd of the underlying surface. The con-
ventional ideas held that the problem is to determine the de-
pendence of certain atmospheric parameters 9(y) from measurements
of a suitable characteristic of the radlation field f(x), these
being interconnected by a relationship of the type

F@) = Alz, . 9 @), (1)

where A is an cperator (in general, nonlinear) describing the
physical mechanism of the relationship. The corresponding
functional is also described by the structure of other atmospheric
parameters (optical or meteorological) which determine the
mechanism of radiative transfer in the atmosphere and can depend

on variables x or y. Some of these parameters require definition

/12



asweluas ¢ (y), which presents considerable difficulties, for

quite obvious reasons, in transforming the operator A.

Therefore, to determine all the desired parameters one must
choose some group of measurements to obtain a closed system of the
original data and appropriate equations of type (1), where the
most informative characteristics of the radiation field must
be measured, each of which should depend mainly on one of the
atmospheric parameters belng determined, while the dependence on

the others should be weaker.

Another difficulty which arises in solving problems in optl-
cal probing is the following. In distinction from other planets,
for which these problems were solved long ago in astrophysics, for
the Earth one should not be limited to determining typical or
average values of the physical parameters, since the majority of
these can be considered as known for practically all regions of
the globe. For problems in physics of the Earth's atmosphere
and in meteorology, one needs information on the timewise and
spatial variations of these parameters. Determination of these
variations is connected firstly with rather strict requirements
as to accuracy of measurements of the corresponding radiation
characteristics. Secondly, 1t imposes additional reguirements on
the technique of interpretation of the measurements, which reduces
in many cases to sclving the inverse problems, which are incorrect
from a mathematical point of view (incorrectness means that
small errors 1n the measurements of the function f(x) can lead to
arbitrarily large errors in the quantities 9 (y) being determined,
and sometimes even the physical meaning of the latter ig distorted).

These difficulties are aggravated by the fact that the unknown
and known atmospheric parameters responsible for the variations in

the measured characteristics of the radiative field vary in a



random .manner in actual condltions. Therefore, for a valid
solution of problems of optical probing one needs tangible and
quite reliable information as to the nature of these variations,
particularly because one needs a priori information about the

solution itself, in order to make incorrect problems tractable.

Fortunately, the Earth's atmosphere has been studied more
thoroughly than the atmospheres of the other planets: there is a
large number of measurements of various meteorclogical elements in
different regions of the globe and over various time periods. The
optical characteristics of the atmosphere and the underlying
surface have also been measured. This information, represented in
the form of statistical characteristics of the vertical and
three-dimensional structure of the fields of meteoroclogical ele-
ments and some optical parameters¥, can be used as auxiliary data /13
in the solution of a number of problems in the optical probing
of the atmosphere. The aggregate of statistical characteristics
of the structure of atmospheric parameters determining the varia-
tions in the Earth's radiative field can be considered as an
optical-meteorological model of the atmosphere. The basic principles
in constructing a model, and examples of the structural character—
istics of such elements for which there is a sufficient number of

experimental data, will be described in detail in Chapter 3.

A proposed model of the atmosphere can be used not only to solve
the inverse problems considered as problems of determining specifie
forms of the random function ?(y) from measurements of values of
another random function f(x). This model also allows us to
relate the structural characteristics of the atmospheric parameters

f Statistical characterlstics of the spectral and angular|
structure can also be obtained for the optical parameters.



to the statistical characteristics of vertical, three-dimensional,
angular, and spectral structure of the radiation model. The
corresponding relationships, which form the content of

Chapters 4 and 5, make 1t possible, on the one hand, to construct
a4 model of the Earth's radiation field which is congruent with the
optical model of the atmosphere, and, on the other hand, to

expand our understanding of optical probing by ineluding the
problem of determining the structural characteristics of
atmospheric parameters from the structural characteristics of

the radiation models.

We note one further important property of the models con-
structed in this way: they allow us to obtain the best realization
of the complete necessary system of atmospheric and radiaztion
parameters of a particular situation from a finite number of

reliably measured parameters of this system.

The theory of thermodynamic processes in the atmosphere and
the long-term experience of ground-based, alrborne and aero-
logical observations indicate that the basilc elements of
global information which one must extract from radiation
measurements, must be, as before, the temperature, pressure,
humidity, cloudiness, wind speed and direction, composition of
the underlying surface, and precipitation, as well as

characteristics of energy flux in the atmosphere.

The need to obtain these parameters determines the choice
of the characteristics of the Earth's radiation field to be
measured by means of a satellite. Here one makes use of the
numerous results of previously conducted experimental and
theoretical investigations of the angular, spectral, vertical,
and spatial distributions of solar radiation reflected from the
Earth and of the planet's self radiation (some of the results are

10



considered in Chapters 1 and 2).

Of course, by no means all of the meteorological elements
listed can be determined at present from satellite measurements of
radiation characteristics. But radiation measurements are now
being conducted to determine some of them, and methods have been
developed to transfer from the directly measured quantities to
the desired parameters. An example is the problem of determining
the temperature of the underlying surface and of the clouds¥
from measurements of the Earth's self radiation in the "transparent
windows" of the atmosphere at 8-12 or 10-12 uym. In these inter-
vals the self radiation of the underlying surface must be distorted
least by absorption and self radiation of the atmosphere. In
actuality, the transformation of the Earth's radlation is appre-
ciable even in the transparent windows and, which 1s very important,
it is difficult to calculate, since it is determined mainly by the
vertical distributions of atmospheric temperature and humidity,
and also by the aerosol component, which all fluctuate strongly with
time and place.

/14

Methods of calculating the transformation of the self
radiation of the underlying surface, using statistical character-
istics of the vertical structure of the femperature and humidity
fields, will be considered in detail in Chapter 8.

Clouds are responsible for appreciable transformation of
radiation from the underlying surface. If an optically dense

cloud lies in the field of view of an instrument, the radiation

;TAllowing for the difference of natural surfaces from an
absolutely black body, it is more correct to speak of the problem
of determining the radiation temperature of the underlying surface
and of the clouds.

il



temperature of its upper boundary, congidered as an underlying
surface, will in fact be measured. However, for clouds which are
optically not dense enough, it is as yet difficult to resolve the
problem of calculating distortions of self radiation of the under-
lying surface by this mechanism. Clearly 1in this case one needs a
certain group of measurements to permit the absorption and the

self radiation of these clouds to be evaluated.

Of the other problems in optical probing, the most advanced
are problems in determining the vertical distribution of
atmospheric temperature and humidity from measurements of the
intensity of the Earth's self radiation,in particular intervals
of the absorption bands of 002

6.3 ym (a similar problem can be set up also for the vertical

at 15 uym and of water vapor at

profile of ozone from emission in the 9.6 um band). The appre-
ciable difficulties in solving these problems stem from the

need for the high measurement accuracy necessary to determine|
the variations of the vertical profiles. The precision of
measurements is also associated with the above-mentioned incorrect-
ness of the inverse problem, to which the determinaticn of these
parameters reduces.. In order to make the problem of determining
the vertical profile of temperature and humidity regular, one
makes use of a priori information in the form of statistical
characteristics of the vertical structure of the fields of

these elements. A detailed examination of the method of
statistical regularization is given in Chapters 6 and 7. One of
the most diffiecult problems 1in optical probing is to determine
the atmospheric pressure very accurately. If seems possible, at
first sight, to determine the partial pressure of the atmospheric
gases whose concentration varies comparatively little under
actual conditions, from measurements of reflected solar radiation

in the regions of the absorption bands of these gases and in the
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adjacent transparent windows, e.g., in the oxygen absorptlion band
at 0.76 um or for carbon dioxide at 2.1 um.

However, preliminary calculations show that the atmospheric
pressure cannot be determined with the necessary accuracy by
this method (e.g., from the reflected radiation in the oxygen
absorption band), since there are, in principle, a number
of difficulties associated with calculation of aercsol scattering
of radiation by the atmosphere or the clouds.

In the latter case, it is true that one can address the
problem of determining the height of the upper boundary of the
clouds as a fﬁnction of the total mass of absorbing substance
contained in the total column of the atmosphere between the
reflecting surface and the absorbing one. If we assume that the
concentration of the absorbing substance (e.g., 02) is constant,
the height of the reflecting surface will be a single-valued
funectlon of 1ts mass. Chapter 9 deals with this matter.

We restrict ourselves in this book to the development of
methods for determining only the above-mentioned physical pafa~
meters of the atmosphere, since the corresponding experimental
work is presently being conducted, or is proposed, to allow the
methods to be ftested and their effectiveness to be evaluated.
It should be noted that the methods of solving problems in /15
optical probing, as 1is true for other problems of the radiation
type, must be based on physically rigorous calculation of the
selectivity of radlation absorption by atmospheric gases in a
nonuniform and thermally layered medium, as well as on the use
of reliable data on the reflectivity and emissgivity of natural

formations.
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In recent times, extensive investigations (although as yet
incomplete), both theoretical and experimental, of the absorption
characteristics of atmospheric gases have been conducted, as well
as of a number of other optical parameters of the atmosphere and
underlying surface. Some results of this kind, required to solve
the problems considered 1n this book, are presented 1n Chapters
1 and 2.

Besides accounting for the gaseous absorbing substance, to
solve almost all of the above problems, one must also take
account of the rapidly varying atmospheric aerosol component,
which will produce uncontrolled distortion of the radiation
characteristics used as original information. We cannot yet®
list any basic methods for calculating this component, becauseJ
as yet, therﬂare no reliable resulfts of measurements of aerosol
absorption, scattering, and emission or radiation in the
real atmosphere. However, it should be noted that it 1s a matter
of independent interest tTo determine the characteristics of an
aerosol, including the microstructure of aerosol and cloud forma-
tions from given angular and spectral distributions of solar
radiation reflected and scattered by c¢louds and the atmosphere,
and the subject 1s one of the important problems in optical prob-
ing. A first step 1n solving fthis preoblem is obviocusly to find
the statistical characteristics of the structure of the distribu-
tion of particles according to size and height of the atmosphere
and in clouds, and then to establish the relation between them
and characteristics of the angular and spectral structure of the
scattered radiation. Some suggestions of this kind will be
given in Chapters 3 and 4.

This is the kind of problem considered in this monograph, the
kind which can be solved from radiation measurements with
satellites. The book by no means deals with all of the possibilli-

ties of using satellites for quantitative investigations of the
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lower layers of the atmosphere. There are, for example,

suggestions to determine the vertilical distribution of air den-
sity from measurements of the phase and refractlon angle of the
radiation using a system of satellites [23]. The actual possi-
bilities for solving this problem were considered by Tamarskiy

(247,

Rozenberg and Mullamaa|l[25] proposed a method of determining ’
the wind speed and direction above water surfaces from the
measurements of reflected radiation from the "bright tracks”
formed when there 1s sea swell (see also [26]). Methods are
proposed in [27, 29] for determining the dynamic characteristics
of the atmosphere, based on the use of radiation measurements
and cloud pictures, obtained by means of satellites. All these
toplcs are outside the limits of the above range of problems.

We note that the results of current worksare definitely
important alsc for the theory of radiative transfer in the
atmosphere. As has already been menticoned, the space and time
variations of the Earth's radiation fleld and the associated
physical parameters of the atmosphere are obtained in solving
the problems listed above. Since the final result is to estab-
lish a relation between the radiation characteristics of the
atmospheric parameters, one needs to find a new approach to the
investigation of radiant energy transfer in the real atmosphere.
It must differ from the transfer mechanism usually considered in
a medium in which the parameters describing absorption, scatter-
ing, and emission do not vary, or correspond to some specially
chogen situation. To investigate the Barth's radlation field
and to solve problems by means of radiation measurements on
satellites,| one should already extend consideration beyond /16
fixed models of the atmosphere, since in actual fact a rapid

interchange of different atmospheric states is observed, and
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each situation is described by some set of random functions which

describe the corresponding atmospheric parameters.

The approach suggested 1n this book towards the theory of
radiative transfer in the atmosphere is that the atmosphere is
considered as a certain "dynamlc" system with parameters either
given or subject to definition by deterministic or statistically
distributed parameters (the coefficients of absorption and
scattering, the concentration of absorbing and scattering substances,
the temperature, etec.). A certain deterministic or random
signal with parameters given or with known statistical character-
igstics (flux of solar radiation, self emission of the underlying
surface, flux of radiation reflected from clouds, etc.) comes as
input to the system. The output signal, recorded by a measuring
device, will be transformed in accordance with the distribution of
parameters of the system 1tself and with operations on the input
signal which describe the physical mechanism of radiative transfer.

In this approach the direct problem in the theory of radia-
tive transfer in the atmosphere can be dealt with as follows: the
characteristics are given for a deterministic or random function
reaching the input of a system with given parameters (an optical
and meteorological model of the atmosphere), which may also be
deterministic or random functions, and one must determlne the
characteristics of the random function at the system output (model
of the Earth's radiation field). The inverse problems of
radiative transfer theory consist in determining the deterministic
or random functions of the input signal or the characteristics of
the system itself from the characteristics of deterministic or

random functions given at the system output.

Gernieral methods for solution of problems of this kind are
well developed in areas of science where one is concerned wlth

transformations of random parameters of systems which permit
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random perturbations of input signal. We shall use these
methods to establish the relations between structural
characteristics of the Earth's radiation fleld and the physical
parameters of the atmosphere. The corresponding range of
topics is the main content of Part I. The use of certain
structural characteristics in solving the inverse problems will

be considered in Part II.

Finally, we note that a number of theoretical relationships
given in this book have been verified experimentally in measured
data on the characteristics of the Earth's radiation field
obtained by means of aircraft, balloons, rockets, and satellites,
ineluding the satellites Kosmos 149, Kosmos 243, and Kosmos 320
[30,31], and also the American Tirob and Nimbus series of
satellites. Some results of these comparisons are included in

appropriate sections of the book.

17



PART 1
STRUCTURE OF THE EARTH'S RADIATION FIELD

CHAPTER 1
FIELD OF REFLECTED SOLAR RADIATION

§ 1. Mechanlism for Conversion of Solar Energy in the Atmosphere /l7|

1.1._ Basic Conversion Processes_

The conversion of solar radiation in the atmosphere, which
is practically all concentrated in the spectral interval 0.2 - 4 ym,
results from the following basic processes: scattering by air
molecules (molecular or Rayleigh scattering): scattering in
clouds and by aerosols: dust, water droplets, ice crystals
(aerosoi scattering): absorption by molecules of atmospheric
gases: water vapor, carbon dioxide, ozone, etc. (selective
molecular absorption): absorption by water droplets, ice
particles or other aerosols, which can be regarded as diffuse
and molecular and atomic absorpticn of solar radlation, dus to
dissociation of air molecules and emission of atmospheric
formations. In addition, solar radiation is absorbed, reflected,
and scattered by different kinds of natural underlying surfaces

(soil, water, snow, vegebtation).

These processes lead to a change 1n the spectral composi-
tion of solar radiation in the atmosphere, namely that, as a
result of molecular and aerosol scattering, the absolute value
of the incident energy changes and there occurs a redistribution
in direction and in space. As a result of absorption, part of

the Sun's radiant energy is in general eliminated from some of
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the spectral intervals (sometimes even completely) and is re-
radiated in others. A general idea regarding the transformation
of the spectral composition of solar radiation reaching the
Earth's surface, and concerning the factors responsible for these
changes, can be obtained from Figure 1l.1l. As a result of
seattering in the atmosphere and in clouds, and also of reflection
from the underlying surface, part of the solar radiation is re-
turned to outer space, having in the meantime undergone transforma-

tion.

Thus, a "field of reflected solar radiation” is formed 1n the
terrestial atmosphere (in meteorology, this radiation is called
short-wave) in the sense that a parallel ray of solar energy
of definite spectral composition, uniformly illuminating the top
surface of a layer of the atmosphere {which we willl gstill consider
as flat,neglecting the Earth's curvature), 1s spectrally changed
and scattered in all directions in accordance with the laws of
absorption and scattering. Here, as a result of the vertical
nonuniformity of the atmosphere, and also because of the varia-
tion in concentration of absorbing material along the path of
propagation of the radiation, the spectral and angular distribu-
tion of the latter will depend on the helght of the observer above

the Earth's surface.

In additlon, because of the horizontal nonuniformity of
the atmosphere, the c¢loud cover, and the underlying surface,
the spectral, angular, and vertical distribution of the trans-
formed solar radiation will vary in space®. Finally, the regular

¥ The differeritiation between the vertical and horizontall
(three-dimensional) variations, adopted 1n atmospheric physics and
meteorology, is connected with the difference in scales of the
atmospheric processes in these directions.
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Fipure 1.1. Spectral distribution of solar radiation: the
a%sorption bagd of atmospheric gases are shaded _1— black body
radiation at T = 6000° X3 2- solar radiation outside the
atmosphere; 3- solar radiatlon at the Earth's surface at
¢ = 60°; U- solar radiation at tr = 60°, reflected by the Earth

to the zenith (e = 0, A = 0.8)

and random variations of all these factors with time will result /18
in corresponding variations of the radiation characteristics.
Therefore, the field of solar radiation in the Earth's atmosphere
will have a complex spectral, angular, verftical, three-dimensional,
and timewise structure. To describe it, one needs obvious

relations between the characteristics of the radiation fields

and the fields of the physical atmospheric parameters, clouds;

and underlying surface, responsible for the conversion cf solar
radiation, and in these relations one must take intc account,

with sufficient economy, the multitude of conditions experienced

in the atmosphere.

Proceeding to an investigation of the structure of the field
of short-wave radistion reflected by the Earth to outer space, we
consider first some results of calculations of radiation
characteristics for particular models of the atmosphere and the
underlying surface, as well as measured data on these character-
isties under atmospheriec conditions, as far as possible congruent

with the conditions of the model c¢alculations.
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The object of this investigation is to obtaln data on the
range of variation of the characteristlcs examined under varilous
conditions, which can then be used directly in investigating the
structure of the radiation field, and also in seolving a number

of practical problems, e.g., in building measuring equipment.

One of the main tasks of the present chapter is to survey,
compare, and to some extent systematize the presently available
data on the fleld of reflected solar radlatlion, and also to
recommend a method for determining the most representative of its

charaecteristics.

Another task of this survey is to analyze existing measure-
ments and ecaleulations of the characteristics of reflected
radiation, simultaneocusly with an analysis of the physical para-
meters. This will allow us Lo gather information on the field
of reflected radiation 1n some of the spectral intervals, i.e.,
to make 1t possible to determline the physical parameters which
play a2 basiec role in the formation of the radiation field.

Finally, we will examine ways of departing from the
traditional model of a plane-~parallel atmosphére when taking
into account the sphericity of the Earth and the horizontal
nonuniformity of the underlying surface, and also methods will be
suggested for accounting for the non-corthotropic features of the
latter.

In the survey, we shall not deal with investigations of
radiative transfer in clouds, since this question has been
examined 1n sufficient detail in the monograph by Feydel'son [7].
However, contemporary data on the optical parameters of the
atmosphere and clouds, which allow us to improve on the charaecter-
isties of the Earth's radiatlon field for particular spectral
intervals in cloudy conditions, and to verify the theoretical /19
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models assumed in the calculations, will be used in solving

particular problems cof optical probing.

For most of the problems considered in this book, the
atmosphere can be regarded as a plane-parallel layer whose
upper surface receives parallel rays of solar radiation,
scattered and absorbed in the layer, while the lower boundary
extends to the underlying surface, which reflects radiation
according to a given law¥. At each polnt z of the atmospheric
layer, the radiation field can be described in terms of the radia-
tive intensity Iv(z,r), of frequency v, propagating in the
direction r, which is determined by the zenith and azimuthal
angles 68 and ¢ {(Figure 1.2). As is usual (see,k.g.J[B.9])Jwe
shall distinguish between the field of ascending or outgoing
radiation, for which 0<6<n/2! (the intensity depends on peositive
values of r, generating directions in the upper hemisphere), and
the field of descending or incoming radiation, for which n/2 <0< x|
(the intensity depends on negative values of r, generating

directions in the lower hemisphere).

For the atmospheric model considered, the radiation fleld
will be described by the following system of integral-differen-
tial equations and boundary conditions:

4 Other sources of short-wave emission can also exist in the|
atmosphere, for example, the self-luminosity of the atmosphere.
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Figure 1.2, Diagram showlng propagation of
solar radiation in a plane-parallel atmos-
pheric layer
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Here a,(z; and o,(z) are the volume coefficients for absorp-

tion and scattering of monochromatic radiation: y«(zrr) is a

scattering index;| R,(r,r) 1s the coefficient for reflection at the

underlying surface;| /%; ) , 720, nl are certain functions describ-

ing the distribution of radiation sources in the atmosphere and

at its lower boundary; Sv is the solar constant; & —1¢) and

5 (p —pe)is the delta function ( &n Yoi are the zenith distance and
the azimuth of the Sun); the integration in Equations (1.1)-(1.3)
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is carried out over the top (+) and bottom (-) hemispheres; dw' ig]

the element of solid angle. If we replace the angles 8 corres-
ponding to the lower hemisphere by =« —#@ in Equations (1.3)-(1.4)},
then 21l the rays will form acute angles with the vertical z-

axls, and all directions will be positive in Eguations (1.1}

and (1.3). /20

Sinece we are mainly interested, in this book, in reflection
of radiation from the Earth, we shall consider characteristics
of ascending radiation. When confusion can arise, we shall
denote intensity of the ascending radiation by .d,/and that of the

descending radlation by IU, omitting the minus sign for r.|

The limitations which are imposed in using these equations
to describe radiatlve transfer in the actual atmosphere are as

follows:

a) The curvature of an atmospheric layer is nct accounted
for, which can lead to considerable errors in considering large
angles & and g% (Iln 58, Chapter 1 we described some methods of
calculating reflected radiation, allowing for the sphericity of
the Earth);

b) We neglect radiation sources located within the atmos-
phere; self radiation, which is in fact small in the short-
wave spectral region, and self luminosity of the daytime atmos-
phere, which, generally speaking, can play an appreciable role,
particularly in narrow spectral intervals;

¢} No account is faken of horizontal nonuniformity, both of

the medium itself, and of the underlying surface.
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While limitations a) and b) do not play a large part for
many problems in atmospheric physics, in whieh one is required to
calculate solar radiation, limitation c¢) leads to a severe
idealization of the atmospheric model, mainly because of the
presence of clouds, nonuniformity in the underlying surface, and
variability in the aerosol situation in the atmosphere. Below
(87, Chapter 1) we consider methods of computing the horizontal
variations of optical characteristics of the underlying surface
or of the clouds, and we point out the errors which then arise
in solving Equations (1.1) - (1.4} in the horizontally uniform

atmospheric model.

By assigning physical parameters of the problem (sy, &y, vy, Ry,
Sy fv),l  and using the system of Equations (1.1} - (1.4), we can
determine the intensity of short-wave radlation as a function
of all the arguments considered. However, actual solution of
this problem encounters great difficulty, due to the absence of
reliable data for the majority of the parameters listed, and,
what is more important, due to their large varlability under
actual conditions. In addition, the coefficients of absorption,
scattering, and reflection are rather complex functions of v, z,
and r, and they are even unknown for a number of terrestial

objects.

These cilrcumstances generally cast doubt on the possibility
and feaslbility of solving a rather cumbersome system of Equations
(1.1) - (1.4) for the diverse conditions encountered in the
atmosphere. 1In addition the strong varlation of the reflected
radistion field under actual conditions requires a skillful
approach to the cholce of appropriate experimental investigations.
One needs to conduct a group of photometric and spectrometric
investigations of the solar radiation field in the atmosphere and
of the optical characteristics of the medium which would permit

determination of the optimal number of parameters describing the
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variability of the radiation field and of the optical properties
of the atmosphere. In parallel with this, one must search for
optimal parameters, based on theoretical investigation of the

radiation field and simllar experimental conditlions.

As has been mentioned, these parameters can be determined
from the investigations of the statistical structure of radia-
tion fields and fields of the atmospheric and physical parameters
(see Chapters 3-5).

§ 2. Optical Parameters of the Atmosgphere

Before going on to consider the radiation characteristics
obtained from various models of a scattering medium, we shall
make a short survey of the basic optical parameters of the
atmosphere which determine the field of solar radiation reflected
by the Earth. The survey includes contemporary data from measure-
ments and calculations of these parameters which will be used to

some extent in the problems listed in the Introduction.

The scattering coefficient of the atmosphere oy which des-
cribes the attenuation of radiation due to scattering by air

molecules and impurity particles 1s the sum
Gy = @) + by (1.5)

of the molecular (alP and the aerosol (blﬂ scattering coeffi-
cients. The molecular scattering coefficient is given, with
good accuracy, by the Rayleigh formula

_ 2m{n—1)p

“1—'——§Nﬁ;—-QCm’l)s! (1.6)

where n is the refractive index (for air n = 1.000278); NO|=

2.687-1019 em™3 is the Loshmidt number; A= 10”/v is the wavelength

pm (v, em™ 1),
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The spectral behavior of a.| for the dry, absolutely pure

A
atmosphere 1s shown in Figure 1.3z, from the calculations of
Penndorf [1]. The dependence of aﬂ on height for the isothermal

atmosphere is given by the exponential function
o) =a®e=| (o = 0.25 km™1) (1.7)

Allowance for vertical variations of atmospheric temperature
leads to an increase of ax‘to a value which is no more than 8%
greater than the isothermal scattering coefficient with a tempera-

ture gradient of 6°/km.

The variations of the scattering of solar radlation in the
atmosphere are assoclated to a large degree with the variation
in the aerosol scattering coefficient which, in contrast to
the Rayleigh coefficient, depends 1n a rather comp lex manrier on
the wavelength and height, as well as on the nature of the
particles and their size distribution. There are no reliable
analytical methods to obtain these relations, apart from the
case of spherical particles, for which the theory for scatter-
ing of radiation has been given in monographs by Shifrin [B.5] and
Van de Hulms [2]%.

For this reason experimental investigations of aerosol
scattering coefficients were undertaken under various meteorologi-
cal conditions (see, e.g.,[4-8]1). Pigure 1.3 shows typical /22
kinds of spectral distributions of the coefficients Bi|obtained
by Georgiyevskiy|[B] by averaging over a sufficiently large number

of measurements of transmission in the ground layer of fthe

comprehensive calculations of the scattering coefficient and other
optlecal parameters.
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Figure 1.3. Spectral behavior of by a- for different
conditions of turbidity of the ground layer of air,
according to [8]; b- approximation by formulas of
type {1.8); 1- in the ground layer [8]; 2- above a
water surface [7]; 3,4- corresponding mean-square

deviations of the scattering coefficients Gb

atmosphere at the Zvenigodsk scientific base at the IFA (similar
curves of b1 were calculated by Koprova [9]ifrom the measurements
of Knestrik, et al. [7] above a water surface). The curves show

that there is no universal relationship of the type

o=to(2)]" (= 0.55 um) (1.8)

in the atmosphere, such as normally describes the spectral
behavior of the aerrosol scattering coefficient. While it is
possible to obtain this kind of approximaticn for the severely

averaged emplirical curves of b however, as can be seen from

)\3
Figure 1.3b, the parameters of Equation (1.8) depend on the
conditions of observation. For example, over dry land

bo 0.28 km~1, n 0.43 from the data of [8], while over water

by = 0.18 km~1, n = 0.9, from the data of [7].

There are also serious difficulties 1n investigating the
radiation field of scattered solar radiastion, assoclated with
the lack of reliable information on the vertical distributiocn
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of the aerosol scattering coefficient. It has been shown, from
the results of airborne probing of the vertical transmittance

of the atmosphere in [6], that one can use an exponential varia-
tion of bM with height of the form

ba{z) = ba (0) e P2, (1.9)
where 8 varies in the range 0.5 - 1.5 km~1. However, in actual
faet there are considerable irregular deviations from Equation
(1.9}, and a layered structure for the scattering coefficients
by (z1s observed. As can be seen from Figure 1.4, which shows
curves of the vertical distribution of by(z) for A= 0.5 and 0.7u
obtained by Koprova [10]/by averaging determinations of b;(z) for
winter and summer [6], there 1is a sharply defined three-layer
structure (sometimes two-layer) for the aerosol scattering
coefficient, when one approximates it by three exponentiaﬂ

functions (or two when appropriate), e.g.:

) b;({))é"ﬂﬂz, ngéz‘lzi.S km;
by (2) = { by (z,) e~Pete-2)) 5 KL 2K 2, = 3,6 km,
ba(zeten, | n<o<iOknl (1.10)

The parameters of Equation (1.10) for the curves of Figure 1.4
are shown in Table 1.1.

TABLE 1.1 ¥

Parameters A= 0.5 um A= 0.7 um
km—1 Winter| Summer Winter | Summer
R | ]

b0 | 0,22 0,17 f 0,22 0,105

b, (z1) | 0,038 0,053 - 0,022 0,037

b, (23} 0,017 0,022 0,007 0,012

Ba 1,18 0,87 1,60 0,714

B ; 0,40 0,44 0,58 0,54

B r 0,22 0,2 0,23 0,27

t

¥ Translator's note: Commas in numbers represent decimal points.
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Figure 1.4. Approximation for by by formulas of type (1.10) from
data of [6]; A= 0.5 m; 1- summer; 2- winter; A = 0.7 um;
3- summer; Y- winter; 5,6-distribution of relative aerosol
concentration (in Leningrad) according to [11] for the hot and
cold half-year perilods, respectively

The layered structure of the scattering coefficient agrees
with the nature of the vertical distributions of aerosol concen-
tration N, presented by Selezneva [11]. '

Formula (1.10) is applicable for the troposphere. The
scattering coefficients can be extrapolated to great heights by
means of the aerosol scattering model proposed by Rozenberg, et
al., [12]. As can be seen from Figure 1.5, the curves of bhfﬁ),
in the troposphere and stratosphere are in satisfactory mutual
agreement, and also with the average curve of the Elterman model
[13]. The presence of large variations in the vertical profiles
bs{(z) of random nature points to the need to include physical
énd statistical methods describing the vertical structure of the
aerosol scattering coefficients, as was done for the spectral
relations.
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Figure 1.5. Vertical distribution of the aercscl scatfering
coefficient 1,8- projected soundings [32,33]]; 2,7- aircraft
measurement [32,6]; 3,5- observations from space vehicle [32];
b- calculation from aircraft data; 6- twilight soundings [32];
9- Rayleigh scattering. The figures on the curves indicate
the wavelengths in um:

I - Seale 0.42; 0.45; 0.48; 0.5; 0.55;
II- Scale 0.57; 0.68; 0.7

2.2. _ Transmission Functions
The molecular absorption by atmospheric gases, which plays
a part in radiative transfer in the atmosphere, can be divided

into continuum (or diffuse) and selective.

The continuum absorption is connected either with practically
unresolved lines in certain regions, e.g., absorption by 03 in
the Hartley-Huygens bands at 0.2-0.35 wm [14]), or with the

effect of wings of strong lines.

Recently Dianov-Klokov [15] observed diffuse absorption in
the atmosphere by the short-lived groups [0l and [0p — N2],
which was comparable with the absorption by O2 and O3 molecules
(apart from the bands at 0.69 and 0.76 um, in which absorption is

associated only with O, molecules).
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The diffuse absorpticn in Equations (1.1) - (1.4) can be
described, to a high degree of accuracy, by monqchromatic absorp-
tion ceefficients. To determine the transmisslon funections
deseribing attenuation of radiation at a given frequency in the

diffuse absorption region, one can use the Bouguet law

Pym) =™, | (1.11)

where kv is the absorption coefficient and m is the mass of absorb-
ing substance per unit length, reduced to normal pressure and

temperature.

Calculation of selective gas absorption requires considerably
more effort, since this absorption experiences strong variations
in narrow spectral ranges, while the monochromatic absorption
coefficlent kv is defermined by superposition of a large number
of lines, whose shape, Intensity, and half-width depend on the
presasure and temperature of the absorbing medium. Selective
absorption is also described by a transmission funetion, which
has the form, for a homogeneous medium.

Pd-_v(m) — AL\: S e:kvm dv-i
Av E

(1.12)
Here

ky= D) ki(v)

i=1 . H

is obtained by summation over N lines, for which the overlap

S
o
|83

for ku ig allowed for at the given frequency v; Av is the
averaging frequency interval; and ki {v) is the absorption
coefficient of the i-th line.

For a homogeneous medium

PA,,(rn)#Tl\’—Sexp [—-’g‘k\,(u)du]dv,! (1.13)

Av
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where kv depends on the medium pressure and temperature, and

alsc on the concentration of absorbing material.

Until recently the calculation of selective absorption of
atmospheric gases was done by constructing idealized models of
the absorption bands, which allowed us to describe the spectral
behavior of the transmission functions in terms of a compara-
tively small number of parameters. The most widely used 1is the
Elsasser model, applicable for bands with sufficiently regular
structure (see,?.g., [B.2]). According to this model, the
transmission functions can be represented in the form of the

integral

i

P(y)='1—shBS'exp(ftchB)Io(t)d}t,] (1.14)

0
where B = 2ny/d; y = Sm/dshp ; S and y are the intensity and the
half-width of a line whose profile is glven by the Lorentz
formula

_ S ¥ . (1.15)
EO) = =g |

d is the distance between the lines; Io~(t) igs the Bessel func-
tion of imaginary argument; and v, 1s the line c¢enter.
If v<<d, (l.e., p<<ty , then

Pm=1—o()/ &),

(1.16)

where ! = 2nSy/d* 1s a generalized absorption coefficient and

is the probability error integral.
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Equation (1.16) is also applicable for a nonuniform atmosphere,
if one replaces the true mass of absorbing materilial by the so-
called effective (or reduced) mass

gpa@)[P{ﬂ] dh,! (1.17)

where p. (231 1s the density of the absorbing material; p (z), py
are the pressures at levels z and at the Earth's surface; 0<x< 1 .

For absorption bands which have an irregular structure, 1t
1s desirable to use the Good statistical model [B.8], which 1s
based on the assumption that the positions and intensities of
absorption lines are random in nature, given by certaln a priori

distribution functions.

Extensive calculations of transmission functions for water
vapor and carbon dioxide in the spectral range 500-100, 000 cm H
have been made by Plass, et al. [16,17], using a quasi-statistical
model of molecular absorption bands (a random line distribution /26
is assumed only in a rather narrow spectral interval in comparison
with the averaging interval). These calculations embraced quite
a wide range of pressure (p = 0.01-1 atm), temperature (T = 200,
250, and 300 K) and mass of absorbing material (0.001-5 cm Hp0 and
0.2-10,'000 atm. em of COs). The transmission functions were
averaged over the different spectral intervals from 2.5 to 100 cm—1

(in [16,17] only data for Av = 50 and 100 cm~1 were used).

The results of the calculation (Figure 1.6, Curve 1) were
compared with measured data for the transmission functions ob-
tained in [18] (Curve 2) with a somewhat different spectral
resolution. It can be seen that in specific cases (e.g.,|for
thelﬁgjbands) the agreement of the curves cannot be considered

satisfactory.
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Figure 1.6. Examples of comparison of transmission functions
a- Hy0 band at 1.8 wm (p = 765 mm Hg, m = 0.0483 cm in the ex-
periment; p = 760 mm Hg, m = 0.05 cm in the calculation);
b~ CO2 band at 4.3 um(pJ= 137 mm Hg, m = 0.19% amm cm); la, 1b-
calculations of [20] and [21], respectively; 2- experiment [23]

Andreyev andPokrovskiy [19], who made a similar comparison
of the calculations [16,17] with data from laboratory experiments

of [18] and [20], also observed substantial differences between

the theoretical and experimental ftransmission functions.

The lack of reliability 1n calculating the selective ab-
sorption using band mcdels has led investigators to seek empikical
representations of spectrally averaged transmisslon functions for

atmoapheric gases.

If the averaging interval Av spans the entire absorption
band, as was done in the initial work of Howard, et al. [21],
then the transmission functions can be described by a small
number of parameters, which are obtained by approximating to the

integral absorption

py the formulas: A==S(1—-E“m)dv/
Av . f
for weak absorption

A= emh(p +p.)", | (1.18)
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for strong absorption

A.-_wc_i_Dlogm—l-Klog(P'i‘Pa)'! (1.19)

Since formulas cof type (1.19)ban lead to absurd results for
large m, another approximation was suggested in [22] for the inte-~
grated transmission functions P==i-—(AjAﬂ|:

P, p) = oxp[— g () mi-Ha]. | (1.20)

The parameters oy and kg for the water vapor bands of My g {in cm),
2

My and my (in atm. cm) are shown in Table 1.2. We note that the
2 3

parameter ky 1is practically independent of pressure and mass, and 1s

close to the value 0.5 for small m and p (the "square root" law).

However, for strong absorption bands ky, varies when one goes to

large mass. On the other hand, the paramefter og¢ depends strongly

on p, in fact

oo (2) = % (Fff)“ , (1.21)

/27

where &, 1s the value of «,|at normal pressure py; and §,| is a —
constant whose values are given in the table for each band. For
certain bands Soézi—kd, so that Equation (1.20) can be rewritten

in the form

P(m)= oxp|— & (m L],

(1.22)

i.e., the transmission function for these bands depends on the

product of mass and presgsure.

Recently new experimental and theoretical data have appeared
on transmission functions for|atmospheric gases. These functions,
which are averaged over quite narrow spectral intervals Av or

measured with a specific spectral resolution, were obtained both
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TABLE 1.2 ¥

Band Para- P,mbar.
centers meters
A, um; 1 5 10 50 | 100 | 200 | 400 | 600 | 800 | 1000
0,94 2 0,03 0,04 | 0,05 0,08{0,10{0,12|0,14(0,16{0,18| 0,19
(8o = 0,28) ko 0,50 | 0,51 | 0,49 | 0,49 |0,40(0,490,49|0,49|0,49} 0,48
1,1 to 0,03 | 0,05 | 0,06 | 0,00 |0,11|0,13[0,16|0,18]0,19] 0,21
(80 =10,27) Yoo 0,40 10,50 | 0,40 | 0,48 [0,50|0,49|0,50|0,5 |0,48] 0,47
1,38 o 0,12 | 0,19 | 0,24 | 0,39 |0,48}0,64|0,74{0,89|0,96 | 1,18
{8 =10,30) ko 0,48 | 0,50 | 0,48 | 0,48 | 0,49]0,49]0,48|0,46 (0,48 | 0,47
1,87 i 0,16 | 0,25 | 0,28 { 0,51 |0,67]0,82{0,98(|1,10{1,30| 1,38
ko (m<<O0L) | 0,48 | 0,48 { 0,40 | 0,47 |0,4710,47]0,4810,49|0,47 0,45
(Bo == 0,29) | ko (i > 0,01) 0,6310,65|0,64|0,720,7¢]|0,71}0,71|0,72]0,72| 0,70
2,7 (H:0) ot | 0,381 0,54 | 0,64 | 0,82 [0,92]1,03]4,16(1,24]1,30] 1,35
(8o =10,18) | ko (m < 0,01) 0,48 | 0,47 | 0,49 | 0,47 0,46 |0,46(0,49]0,49 0,47 0,50
ko (m > 0,01} 0,68 | 0,47.| 0,70 | 0,70 |0,70|0,7010,70|0,70| 0,70 0,70
6,3 T 0,41 | 0,61 | 0,76 | 1,00 |1,15(4,341,56{1,72(4,84] 1,92
(60=10,22) | ° ko 0,62 | 0,68 | 0,68 | 0,69 |0,69|0,70{0,70|0,68}{0,68] 0,68
- 9,6(0s) - dp 0,40 | 0,22 | 0,30 | 0,52 |0,62/0,710,77|0,80| 0,83} 0,85
{8a == 0,31) ko 0,48 | 0,47 | 0,47 | 0,58'{0,6010,63|0,66|0,68]0,69| 0,69
15 (COq) Coa 0,36 | 0,56 | 0,66 | 0,92 {1,12]1,35|1,55|1,80|4,95| 2,05
{80 == 0,23) ko 0,66 | 0,74 { 0,71 | 0,74 |0,77|0,78{0,78|0,75|0,73| 0,70

¥ Translator!s note: Commas in numbers represent decimal points.

for media with constant pressure and temperature along the
radiation path under laboratory or natural conditions (in the
ground layer of air), and also for a nonuniform atmosphere. The
results of extensive laboratory measurements, presented in [18,20],
have allowed empirical formulas of|type (1.20) to be obtained

whilch are quite a good approximatlon to the transmlssion funcfions
for H20 and €Oy, for a uniform medium in narrow spectral intervals.
The spectral behaviors offthe parameters a

0
from the data of [23] have been published in [22].

and ko s0 derived
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For a nonuniform medium one can use Equation (1.20) for the
reduced mass of absorbing material (1.17), and the parameter
which, in general, depends on Av, is taken as constant in [20]
for the whole of a given absorption band.

The data presented indicated that Equations (1.20) and (1.22)
glve quite a good deseription of the transmission of atmospheric
gases in the entire range of change of mass of absorbing material
and atmospheric pressure ordinarily used in practice. However,
the use of these formulas with empirical parameters obtalned from
laboratory measurements to describe radilation absorptlon in the
real atmosphere (both in the uniform ground layer, and in a
nonuniform alr column) requires experimental verification,
especlally for gases whose relative concentration varies along the
light path. Such a verification was done from data on trans-
mission measurements in the ground layer of the atmosphere for
the spectral region 0.3-1 uym in [8], and for the spectral region
1-5 um, in [24,25].

Examples of comparison of natural (Figure 1.7, Curve 1),
laboratory (Curve 2), and theoretical (Curve 3} transmission
functions for the 4.3 um €O, absorption band, for the two values
of the ray path length LaP are shown in Figure 1.7. (It is
interesting to note that the considerable discrepancies in
the long-wave wing of the 4.3 um 002 band are due to absorption
of radlation in the nitrous oxide band at 4.5 um, which was not
taken into account in the calculations, nor in the laboratory
experiments.) Similar comparisons for the 0.76 um O2 bands are
considered in Chapter 9.

A check of the empirical formulas for a nonuniform atmos-
phere is complicated by the absence of reliable measurements both
of the transmission functions, and of the concentration of

absorbing material. In addition, when one goes to effective
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Figure 1.7. Comparison of the transmission functions in the CO:
band of 4.3 um 25:

a- L¢ = 777 m; b- Ly = 18309 m; 1,2~ field and laboratory measure-
ments, respectively; 3- calculations

masses or pressures in this case one has no assurance that
additional empiriecal parameters are not required, dependent on
the spectrally averaged 1lnterval and cn the height of the
observer, which greatly complicates the use of empirical formulas.
Another difficulty in using empirical formulas cbtalned for some
fixed spectral resolution is that different spectral resolutions
are required in practice. In any case a number of contemporary
problems of atmospheric physics, 1In particular, Inverse problems
(see Part II of this book), reguires precise data on atmospheric

transmission in narrow spectral ranges.

These circumstances have been one reason for using direct
methods for calculating atmospheric gas fransmission functions,
based on molecular absorptlon band coeffiecients, describing the
intensity and half-wldth of lines, as well as the shape of the
lines. These calculations, which require the use of high-speed
computers, are done for some practieally achievable range of
variation of mass of absorbing material and pressure 1n a2 uniform
medium, or for different levels in a nonuniform atmosphere,
while the relative concentration of the ‘absorbing substance is

constant. Such calculations of transmission functions in a
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uniform medium at several values of mass and pressure of water
vapor have been performed, for example, in [26] for the 2.7 um
HEO band.

As can be seen from Figure 1.8, whilch shows a comparison of
calculated and measured transmission functions taken from a
balloon at a height of 13.7 km with a Sun zenith-distance of
71°, somewhat better agreement 1s obtained than in the model
calculations, although there are noticeable differences, as be-
fore, in individual sSections of a band. The authors of [26] were
obliged to choose particular values of water wvapor concentration
and effective pressure to achieve satisfactory agreement. There-
fore, on the basls of this comparison, one naturally cannot
draw any concluslons as to the reliability of the parameters

assumed in the calculations.

"~
o
O

In order to increase the reliability of these calcula-

tions, the system of molecular constants must produce good
agreement between calculated and experimental transmlssion
functions, for both a uniform and a nonuniform medium, in either
laboratory or natural conditions. We used the above approach in
calculating transmission funections for the 0.76 um band of Oj
{(see Chapter 9).

Thus, having computed fransmission functions with rather small
spectral averaging, one can use these in three cases, namely, when
the required specftral resoluflon does not exceed that assumed
in calculating the averaging interval; when the medium and the
absorbing substance have constant pressures and temperatures; and
when the relative concentration of absorbing substance is constant,

although the medium can be nonuniform.

However, this becomes impossible, if the relative concen-
tration of absorbing material varies along the ray path (e.g.J

ho
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Figure 1.8. Comparison of transmission functions for HBO in the

2.7 um band, according to [19] p = 0.0691 atm; m = 0.0030 cm;
T = 217° K; 1~ theory; 2- experiment
for water vapor). In this case one must calculate transmission

functions for average distributlons of humidity and temperature,
and express the variations in transmission in terms of the
statistical characteristics of the vertical structure of the fields
of these elements (see Chapter 3). We note, finally, that the
question of aercsol abscorption, for which some evaluations were

made in [27-29], has not as yet received much study.

As can be seen from the radiative transfer Equations (1.1)-
(1.4), the scattering index 7v (s ¢), which depends in quite a complex
way on z and ¢ in the real atmosphere, plays an appreciable part
in forming the radiation field. In addition, the index varies so
strongly as a function of the aerosol particle size distribution,
(and also of the shape), that 1t is practically impossible to
calculate vy in every specific case by Equaticns (1.1) - (1.4).
Considering that the scattering index meets the greatest diffi-
culty when one solves the transfer equation, it 1s appropriate to
evaluate its actual effect on the angular structure of the solar

radiation field.

One important step in this direction 1s to clarifly the
dependence of the radiative intensify I on the model scattering
indices assumed in calculations, which allows us to represent

possible range of variations of I and to identify the ranges of
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scattering angle or spectral interval for which the index has a
substantial effect. These relations will be examined below

{see § 3) for the scattering indlces measured by Foitzik and
Zschack [30], in the ground layer of the atmosphere for different
visibility ranges L (Figure 1.9).

A determination of the connection between an index and the
angular distribution of radiation should be accompanied, not
only by quantitive characteristics (e.g., the authors of [31]
¢lassified indices according to the degree of their asymmetry),
but also sufficiently detailed criteria on the physical state
of the atmosphere for which the measurements are made.

.
L)
o

|

Thus, based on a classification of scattering indices, ob-
tained for diverse conditions in the ground layer [32-34]%,
gqualitative physical characteristics of the turbidity of the
atmosphere have been determined. Also, emplrical relationships
were used in these referencesg, connecting the indices with the
scattering coefficient and with the particle size distribution
functions. In addition, knowledge of a number of statistlcal
characterisgtics of the angular structure of the indices allows
us| to evaluate quantitatively the variation of the scattering
index in the ground layer of the atmosphere (see Chapter 3).

It is quite a complex matter to determine the variation with
height of a scattering index, since measurements like these
require the measuring equiprnent to ascend (it is very clear
that ground measurements [U4, 35] give a scattering index which

is averaged for the entire atmosphere).

¥ We recall that [33] obtained matrices for scattering of light
in the ground layer, and [34] gave the halo part of the index.
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Figure 1.9. Scattering index, Figure 1.10. Vertical behavior
according to [33] of characteristices of the
1- L =5 km; 2- L = 20 km; scattering index for the
3= L = 100 km, ¢ is the atmosphere according to [36] .
scattering angle 1-3- » = 0.635; 0.554 and
0.444 ym

The most reliable data on the vertical distribution of
the scattering index up to a helght of 17 km were obtained in [36]
from alrborne measurements of the brightness of the sky. Aan
example of these measurements 1s given in Figure 1.10 (y is in

relative units; ¢ = 50°).

2.4._ Reflectance of Natural Surfaces

The reflection of solar radiation plays a decisive role
in the formation and the variation of the Earth's radlation
field, since the reflectance of the ground surface and of cloud
formations varies from 2-3 to 80-90%, both because of difference
in the types of natural surfaces and type of clouds, and also be-
cause of the uncontrolled variation of the structure of these

surfaces with time and place.

The spectral behavior of the reflectance in the visible and
the IR ranges is also very variable, as was shown in [37-39]. An
idea of the spectral dependence of the brighthess coefficient of
a number of natural surfaces can be obtained from Figures 1.11
and 1.12.
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Figure 1.11. Spectral behavior Figure 1.,12. Spectral behavior

of the brightness coefficient R of the brightness coefficient
in the visible and near IR, in the IR region of the
according to [37] 1- soilj spectrum, according to {BSJ

2- grass; 3- forest; U- snow; 1- soil; 2- grass;
5- water '

The reflection characteristics of surfaces depend 1in a
complex manner on the direction of incidence of solar radlation
and on the reflection angle, Experimental data show that the
Lambert law does not hold for practically all real surfaces.
Examples of brightness indices and certaln surfaces illustrating
the angular dependence are shown in Figure 1.13 [37-40]1. The
characteristics of reflection of solar radiation from clouds /31
vary even more, as evidenced by the brightness indices and spectra
for some types of clouds/obtained in [41-487 (see Figure 1.29).

Slnce the optiliecal parameters listed above for the atmosphere,
clouds, and underlying surface, allow usJusing the transfer
Equations (1.1)- (1.4),lto determine the spectral and angular
distributions of the characteristics of the field of solar
radiation reflected by the Earth, appropriate calculations for
specific model atmospheres have been performed by a number of
investigators. Analyzing these results and comparing them as
far as possible with experiment, we can evaluate the role of each
of the optical parameters considered, and from this kind of

by
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Figure 1.13. Brightness indices a- fields of graln [371];
b- snow [407: 1- measurements; 2- approximation by Equation
(1.40). Arrows show direction of inecident radiation

analysis we can determine ways to seek the governlng laws for

the random fields of reflected solar radiation.

§ 3. Reflected Radiation in the Visible (Pure Scattering)

The most detailed and numerous calculations of characteris-
tics of the solar radiation field scattered in the Earth's
atmosphere, as well as the majority of measurements, have been
performed for the visible part of the spectrum. This 1s due,
first, to the possibility of wvisual observations, associated
with practical problems of determining the range of visibility
of objects in the atmosphere and conditions in conducting
astronomical investigations. Secondly, for this spectral region

there are attractive possibilities for experimental investigations

by photographic methods (thls has been widely applied, for
example, in aerophotography from different heights), and also
photometric and spectrophotometric methods, thanks to the
availability of high-sensitivity detectors (photomultipliers).
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Thirdly, an important point has been the possibility of
neglecting the comparaftively weak absorption of solar radiation
by ozone in the Chappieu (0.45-0.6 um), oxygen (0.69 um), and water
vapor (0.72 um) bands, i.e., to regard the atmosphere as a
medium in which radiant energy of the spectral range 0.35-0.75 um
is scattered only by alr molecules and by particles. Appreciable
errors from neglect of absorption in weak bands can arise only
for directions of propagation of the radiation close to horizontal
(where the plane-parallel model of the atmosphere should never
be used), or at high spectral resolution.

The neglect of weak absorption allows an appreclable simpll-
fication in the solution of Eguations (1.1) - (1.4), since we
can then put =,= 0, and the basic dependence of Iv on frequency

can be expressed in terms of the optical thickness

n(z)zso,,(t)dt.’ (1.23)
h

If in addition we neglect the dependence of the scattering index
and the brightness coefficient of the ground surface on v, then
the spectral composition of scattered radlation will be com-
pletely determined by the behavior of the optical thickness.
This relation eliminates the need to solve the transfer equation
for each frequency v. It is enough to obtain a solution as a
function of the optical thickness 1 (with the other parameters
given). Then the dependence of t on v, together with the
spectral dependence of the direct solar radiation, defermines the
spectral behavior of Iv'

This is the principle used to construct all solutions of
the transfer equation in a purely scattering medium. Here we
examine papers where these solutlons were obtained for quite a

wide (and comparable) range of variation of the optical parameters

46



of the atmosphere and the illumination conditions, reflection from
the underlying surface, and observational directions.

e e b e e e o e o m mm m mm e T T T

For a molecular atmosphere, described by a Rayleigh scattering
coefficient (1.6) and a Rayleigh scattering index

To (@) =1 + =5 Py (cos ), (1.24)

where P, (z) = ({/2)(1—3 2® is a Legendre polynomial of second order,
solutions were obtained in [45] for the transfer equations (1.1) -
(1.4). An electronic computer was used, together with Chandrasekar |
functions [46] to make highly accurate calculations of It and I,

as well as the polarization characteristics of scattered radiaticn

for various wvalues of =, §, 6] and y/. It was assumed that the /33
underlying surface is orthotropic, i.e., it reflects according

to the Lambert law (independently of the reflection direction),

and the reflection is described by various values of the albedo A:

IWO):%S:I‘(O, r)cos §’ duw’, (1.25)
In the real atmosphere one does not find conditions which are

similar in the visible part of the spectrum to a molecular model

of a purely scattering medium. Nevertheless, this solution is

of great Interest, since it is something of a standard, with

which one can compare both the results of measurements, and

solutions of the transfer equations, obtained for conditions which,

although not for very strictly defined optical parameters of the

medium, are however closer to the actual conditions. Such solutions

were obtalned in [47-50], and later by Frasker [51].
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The aerosol scattering was calculated in [47-48] by intro-
ducing empirical scattering indices [30] for different ranges of
visibility and optical thickness varying from 0.1 to 0.8. The
scattering indices were represented in the form of an expansion
in Legendre polynomials

T(2, 9) = D) Cy () Py (cos p), ’ (1.26)

k=1

!
|

where the dependence of Ck on z was assumed to be as follows: for
the lower layer of the atmosphere, which makes up 75% of the total
atmosphere in optical thickness, the coefficients Ck corresponded
to strongly asymmetrical indices (LO = 1 -| 100 km). For the

upper layer, comprising 25% of the optical thickness, Ck
corresponded to a slightly extended index, typical for a very

pure atmosphere ( L = 200 km).

The underlying surface was assumed orthotropic, and its
reflective properties were described by values of albedo A = 0.0.1;
0.2; 0.4; 0.6; 0.8.

Caleculations of the radiative intensity from (1.1) - (1.4},
obtained for four positions of the Sun (Z, = 30, 45, 60, 75°), were
used in the spectral region 0.35-0.7 wm. The radiative transfer
equation was solved by the method of successive approximations,
with an error which did not exceed 10-15%, even iﬁ cases of

severe turbidity.

Tt is difficult to make practical use of the results obtained
in [47-48], because they lack objective criteria which would allow
one to determine the 1initial optical parameters for specific

atmospheric conditions.
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This defect was avoided to some extent in [U49, 50]. They
examlned a closed model of the atmosphere, for which the optical
characteristics were introduced in such a way that they could be
determined using simple measurable parameters. TFor example, the
authors of [49] proposed to take the optical thickness of the
atmosphere 1* (A,) = 1(o0, 4,)) and the horizontal visibility at the
Earth's surface L (i) for wavelength A, = 0,585 wm, as the para-
meters. The first of these can easily be expressed in terms of
the transmittance of the atmosphere (oo while the second is
very close to the integral range of visibility. The atmospheric
scattering coefficient is represented as the sum of Rayleligh and
aerosol coefficlents

A
or(5) = o eer 4 By S e, | (1.27)

where a, = 0,0019) km=1, @ =0125 km~1 are the Rayleigh scattering
parameters described above in an isothermal atmosphere (1.7):
and bgand piare aerosol scattering parameters connected with

™ (hgland L (A, by the following relations:

bp= 2 gy Bm et (1.28)

T T (h) — @0/

It is easy to show that the optical thickness 7*(A0l of
this optical model of the atmosphere does not depend on L (A)

The atmospherie scattering index in [49] was accounted for

in the form of a superposition of a Rayleigh index y,|and an
aerosol index Y. .

n(w}=-;%}—[-r-;ﬂ-(-%“—)“7p(tp)+"T%T,,(fp)].‘ (1.29)

The aerosol indices in (1.29) were taken from [30] for
several atmospheric conditions described by the parameter L (A, .
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TABLE 1.3%

A, um
Type of atmosphere -

0,4 0,45 0,50 0,35 0,60 0,&‘_5. 0,70 0,75 0,80
Molecular 0 376/ 0,217] 0,151 0,104 0,071] 0,055| 0,039 0,029] 0,021
Slightly turbid{measured 0,49 0,38 | 0,25 | 0,14 - lo,13 0.07
calculated o355 0,400,31 | 0.25|0.21 } 0,18 | 0,16 | 0,14 | 0.13

Average measured 0,66 l043]030(0,21] . |[0,13
turbidity {calculated 0,62 | 0,46 | 0,36 | 0,30 | 0,25 [ 0,22 | 0,20 | 0,48 | 0,16
Severely measured 0,95 0,59 (0,5 | 0,44 0,46 0,25 |
turbid {calculated 0,90 (0,74 [0,58 | 0,5 | 0,44 | 0,30 | 0,35 | 0,32 0,30 |

¥
Translator's note: Commas in numbers represent decimal polnts.

The radiative transfer Equation (1.1) - (1.4) was solved
by the Sobolev methed [52], in which one can account for filrst
order scattering quite exactly, and approximately for higher

order scattering.

As was shown in [48], this method introduces considerable
errors in determining the intensity of multiple scattered radia-
tion, particularly at large cptical thilcknesses or for strongly
asymmetrical indices, i.e., for large atmospheric turbidity.

In addition, in spite of the well-known simplicity of the
method, the calculations are quite laborious, in that one per-
forms the calculation for each wavellength. Therefore the
authors of [U49] calculated the scattered radiation intensity

only for A, = 0,55, un.

We have given a detailed description of the method of (49,
501, since, because of its closed form and the possibility of
introducing optical parameters comparatively simplﬂ, correspond-
ing to individual values of atmospheric conditions, it is
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considered to be a method which makes 1t possible £o calculate
characteristics of a radiation field which are quite close to the
real values. From this point of view we perform some analysis,
both of the optical parameters themselves, and of the resgults of
solution of the radiative transfer equation, obtained on the

basis of the model [49, 50]. Airborne and ground measurements of
radiative attenuation coefficlents in the atmosphere (1.5) - (1.8}
allow one to verify the assumptions of linear decay of &, (z)]

with » [n = 1 in Equation (1.8)]|, and the exponential law of|

its behavior with z, Equation (1.9).

An experimenftal check of these assumptions was performed in
[6], in which i1t was shown that Equation (1.8) was fulfilled
satisfactorily with n = 1 only in the lower layer of the atmo-
sphere, 0-0.5 km, while an irregular spectral behavior of b, was
ocbserved at large altifudes. We note, however, that, according
to the data of [8], n differs from unity even in the ground layer
(see also [9]), while for a layer over water [7], the average
scattering coefficient 5§, 1s approximated by Eguation (1.8)
with n#® 1.

As far as the vertical distribution of 4, (z} is concerned,
according to the investigations of [6], the exponent in Egquation
(1.9) is satisfied with an error less than 50% in 78.5% of cases.
A more reliable approximation is obtained using two or three
exponential functions 1in (1.10), and even then only for the

average profile of &, (z)

Nevertheless, the total optical thickness «*(A) , obtained
by integrating the average values of &, (s with respect to z,!
is described satisfactorily by the model [49,50]. By way of
illustration, Table 1.3 shows a comparison of experimental
values of t*(A) , taken from [6], with the results of calculations
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of t*¥ (i) using the formula

* ___gn_ _?h_n_‘i - [/ 1Y Arf) '
w0 =3 () [ o — ] (1.30)
which is obtained by integrating (1.27) with respect to z from O

"
LS
\J1

to «.

|

The spectral composition of the reflected radiation depends
mainly on t* (i), and probably to a lesser extent on the spectral
behavior of the scattering index (we shall omit discussion for
the moment of the role of the spectral dependence of the bright-
ness coefficlent of the underlying surface).

However, since all the calculations in [49,50] were performed
only for A,=g0,55; wm  and the result was then multiplied by the
solar constant §, , the spectral distribution of the scattered
solar radiation [, (without counting the radiation reflected
directly from the ground surface) is exactly the spectral distri-
bution of the solar radiation outside the atmosphere. The
absolute values of [, for each wavelength depend only on the
vertical distribution of optical thickness and on the index for
XO = 0.55 um, l1.e., the entire specific atmospheric situation
is determined by the physical characteristics of the atmosphere
only at that wavelength. This means that the postulates
examined above regarding the spectral dependences of the opti-
cal parameters were not used, in fact, in the calculations in
(49, 50]. Therefore, one might expect large differences between
the calculated and actual distributlons of the scattered radiation
as regards the spectrum, particularly when there is weak reflection
from the underlying surface.

A general defect of the work in [47-50] is neglect of
polarization of scattered radiation in the aerosol atmosphere.
Therefore, it 1s interesting to examine the datal of Fraﬂer [51],
who caleulated the intensity and the degree of polarization of
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TABLE 1.1 #

Model Optical Ratio of forward Visibility
thickness and back scatter- range, km
ing
Index V 0,2 1.8 ! 100
Index VI ¢,2 2.5 _ 50
Cs 0,25 l 6.4 . 27
Ca 0,45 | 74 | 35
De 0,25 | 11,6 19

# Translator's note: Commas in numbers represent decimal points.|

reflected solar radiation for two models of the aerosol

atmosphere and compared them with the results of C477.

In [51] the first model (C), which corresponds to continental

conditions, is characterized by a Yung type size distribution

(finely dispersed fraction), and the second model {D)- by a distri-

bution of coarser particles, mainly larger than 0.5 um (ocean
conditions or industrial regions). The radiative transfer
equation for the Stokes parameters is solved by the Sekera
method [53] for the sum of the Rayleigh and aerosol scattering

matrices.

The latter is computed using Mie theory for both models,
assuming spherical particles. A solution of the transfer equa-
tion is found in the form of a sum of Stokes parameters, calcu-
lated for Rayleigh scattering, and single scattering by the

aerosol atmosphere,

Neglect of multiple aerosol scattering in [51] does not
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invalidate a comparison with the results of calculations [47], nor
does 1t make it impossible to evaluate the effeet of polariza-
tion on the intensity of reflected polar radiation. In addition,
the atmosphere models assumed 1n both references are very

different as regards the scattering index, although they are

close as regards optical thickness (the optical characteristics

of the models are given in Table 1.4, where V and VI are the
numbers of the indices in [47], and the symbols 05, Cg, and Dg

of the model of the atmosphere [51] correspond to wavelengths 0.503
and 0.625 um).

In spite of these differences in the atmospheric models
considered in [47-51], it 1s nevertheless profitable to compare
the above methods of calculation, evaluate their validity and
shortcomings, and to try to formulate methods of improving
computational methods on the basis of existing methods. Here
one should bear in mind simplifications which would allow results

of calculations to be used in practical examples.

A clear ldea of the comparative characteristics of the
methods considered can be obtalned from Table 1.5, It is easy
to see that each method has definite advantages and shortcomings
both from the viewpoint of introducing real optical parameters
into the calculation, and also from the viewpolnt of validity of
the quantities being defermined. A general shortcoming of these
methods, as yet difficult to eliminate, is that the tables
of data represent intangible material, even in cloudless atmospherid
conditions (for which conditions alone the data are applicable)¥.|

¥ They are also applicable for dense layered clouds, considered
as an underlying surface.
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The application of these data in practice is complicated,

s
(%]
-3

not only by the fact that the input parameters of the tables are

|

very complex for measurement, but also because these parameters
vary strongly throughout the atmosphere. However, by com-
paring results of calculations for the atmospheric models
considered, one can obtain some criteria for validity of the
basic laws of the spectral and angular structures of character-
isties of reflected radiation fields, and also their range of

variation.

As has been noted above, the spectral distribution of solar
radiation scattered in the atmosphere, assuming neutral
reflection from the underlying surface, is determined by the
spectral composition of the soclar radlation (see Figure 1.1) and
by the dependence of the optical parameters (optical depth and
index) on wavelength. If the dependence of the index on i is
neglected, then 7, can be represented in the form of the product

of §, and some function which depends only on T .

We shall compare the results of [47] and [49] for the optical
parameters obtained as follows. In order to use [47] we take  (A)
from the data of Rabinovieh [6] for an atmosphere of average
turbildity (see Table 1.3). Thus we can determine /[, . for any
wavelength, if we properly choose scattering indices which are
also input parameters of the tables [47]. The starting point
for such a choice is closeness of the corresponding spectral
indices given in [30] to the integral indices used in the
ealculations of [47].

~
L
o

After determining +* (&) for 3% = 0,5 pm H with the help of
Table 1.3, it is not difficult to use the tables of [49, 507 to
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construct the function 7/ for suitable values of the visiblility
L (h)typical for average turbidity (L = 20 and 10 km), although,

as the calculations of [49,50] have shown, the radiation leaving
the upper boundary of the atmosphere is practically independent

of LAy .*¥ As far as the scattering index is concerned, it is
evaluated by the same method of calculation in [49] for A,=0,55
um. But, since the scattering indices calculated in [47] and [49]
were borrowed from the same source [30], they turn out to be

very close for this wavelength.

Figure 1.14 shows the spectral intensities of reflected
solar radiation, calculated by the three methods for {, =60° 4 =0,
and 08:6=0 and 75°. As one might expect, the spectral dis-
tributions of reflected radiation obtalned in [47, 49] for A = 0
are different: while, according to the data of [49], 7| is an
exact replica of the specfral distribution of solar radiatlion
outside the atmosphere, 1n the other models the spectral
distribution of reflected radiation differs substantially for
different positions of the Sun and different angles of obser-
vation. It is interesting to comment on a number of details in
this spectral behavior of 7} for the different models. For A = 0,
6 = 0 and » = 0.35 pm, the value of 7l {(molecular atmosphere) 1is
larger by a factor of two than the values of [liobtained in
[47], and by a factor of four than the values of 7./ of [49].

For A =045 —0,5 um Ib=1I, and for A>05 um I, is several
times smaller than 7,. Similar relations between /I, land 7]
are encountered at somewhat larger values of X.

# We note that in (49, 50] the maximum height for which 7} was
calculated was 10 km, while in [47, 48] 7| was obtalned for the
upper boundary of the atmosphere. However, the atmospheric
layers above 10 km do not significantly change the intensity

of reflected radiation.
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For A = 0.8 the results of calculations with all of the
models converge, since the main contribution to 7{|is from reflec-
tion of direct solar radiation (we note that in the method of
calculation in [49] the spectral behavior of attenuation of
radiation directly reflected from the ground surface was

accounted for).

These relationships can be explained by comparing values
of 1 (A) assumed in the different models, for the same values of
A. For example, the results obtained in [49, 50] with ** ()
were underestimated for A< 0,55 um and somewhat overestimated
for 3> 055 vm (see Table 1.3 for average turbidity). In com-
paring the inftensities of reflected radiation in the molecular
and aerosol atmospheres, one should bear in mind the difference
in the scattering indices. Since Rayleigh back-scatfer exceeds
the corresponding aerosol scatter, ;i is larger than Jﬁrin the /39

shortwave reglon, where the optical thicknesses (1) and Ta[(l)

are comparable.

The data obtalned glve an 1dea as to the possible varia-
bility of the spectral compositicn of solar radiation reflected
from the Earth in the visible reglon of the spectrum. It is very
obvious that reflection from the underlying surface plays the
main part in the wvariations of J{J; the actual variations in the
albedo can lead to changes in absolute magnitudes of I of almost
one and a half orders. The nature of the spectral distribution
of IH also depends strongly on the value of the albedo. For a
small albedo the intensity of reflected radiation in the aerosol
atmosphere case varies conly a little with A. This is due to the
complex interactions of spectral distributions of direct solar
radiation with the optical thickness of the real atmosphere. For

an increase in A the spectrum of reflected radiation becomes
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Figure 1.14. Spectral behavlor of the intensity 7s;|for molecular
and aerosol models of the atmosphere with Lo= 60°, = 0°]
1- according to [45]; 2- according to [47]; 3- according to
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Figure 1.15. Comparison of theoretical and experimental distri- -
butions (sections of straight lines) of the spectral brightness
of the Earth: 1- A = 0.25; 2- A = 0.4; 3- A = 0.8; U- splar]
spectrum g = 500
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inereasingly similar to the solar spectrum, because of the
inerease in the contribution to /|| of direct solar radiation
immediately reflected from the underlying surface, whose albedo,

under our assumption, is independent of 2.

However, the reflection of the majority of actual surfaces
has a pronounced spectral dependence, which varies strongly with
the condition of the surface. FPFor this reason the spectrum
can vary so capriciously (see Figure 1.11 for a herbaceous|
covering), that the effects of radiation scattering in the atmo-
sphere are not important in forming the spectral behavior of
the reflected radiation.

The spectral distribution of reflected radiation depends
also on the position of the 3Sun and the angle of the observation.
These dependences can be explained by superposition of the
spectral nature of the immediately reflected direct solar radia-
tion (which increases with wavelength, if the reflection is
neutral), and the radiation scattered in the atmosphere, which,
generally speaking, decreases with wavelength.

The data presented on the spectral structure of the field
of solar radiation reflected by the Earth ecan be used to evaluate
the range of variation of the energy characteristics of the field.
These data have been used, in particular, to investigate and
calibrate two narrow-angle telephotometers (view angle ~3°),
mounted on the AES Kosmos 149 [B.297]. Each of the telephotometers
measured the absolute 1Intensity of the solar radlation reflected
by the Earth in three spectral intervals of width 50 E: the
first in the range 0.34 (AX = 100 A): 0.47 and 0.74 um, with
scanning in a plane perpendicular to the satellite velocity vector,
and the second in the Ho0 0.72 um and the 0o 0.76 wm absorption
bands and in the range 0.74 um, with scanning along the flight
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(a detailed description of the experiment of Kosmos 149 is given

in [B.30, B.31]). A comparison of the results of measurements

with theoretical spectra of reflected solar radiation under
comparable condltions of atmospheric 1llumination and reflection

of the underlying surface is 1llustrated 1n Figure 1.15

(the reflection characteristics taken were the brightness coeffi-
cient of a test surface at the nadir R, (0) = I__ /S, cos g,).] /40

The calculated values of the absolute brightness of the Earth

in the corresponding sections of the spectrum agreed satls-
factorily with the experimental data. The scatter in the latter
for the same conditions of illumination and reflection fell within
the measurement error and the possible variations in the turbidity
of the atmosphere (in particular, the measured brightnesses Imeas
for » = 0.34 pm proved to be low in comparison with theory, which
can be due to systeﬁatic error of the instrument). The analysis
made justifies the conclusion that the model atmospheres adopted
in [47-50] and the methods of computation give quite a wvalid
determination of the spectral distribution of solar radiation

reflected by the Earth in the visible part of the spectrum.

The angular distribution of solar radilation reflected by the
Earth, i.e., the dependence of the intensity [/, on the angle of
incidence of the direct solar radiation and of the direction of
observation, is determined by the following physical parameters:
the scattering index, which is connected with the particle size
distribution at different atmospheric levels; the optical thick-
ness in the directions of incidence of solar radiation and
observation of the scattered radiation; and the brightness

coefficient of the reflecting surface.

The latter factor greatly complicates analysis of the angular
distribution of reflected radiation. Therefore, we first consider

reflection of an orthotropic surface with different albedo values,
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and this is very reasonable, since the calculations 1n the papers -
analyzed [45, 47-51], were performed for precisely this kind of
surface. It is natural to begin by considering the special case

of an absolutely black surface with A = 0 {the ocean can he
considered to approximate to such a surface 1f the height of the
Sun is not too low), when the angular behavior of the reflected
radiation is determined only by scattering in the atmosphere.

A comparison was made in [54] of the angular behavior for a
molecular atmosphere [45] with +* = 0.2 and 0.6 and for models
of a slightly and a highly turbid atmosphere [477, described by
the same values of % and with aerosol scattering indices appro-
priate for slight and high turbidity in [47] these were denoted
by subscripts VI and VIII). The dependences of]I, expressed in
relative units ¥, on the angle & in the plane of the solar
vertical (¢ = 0 is the azimuth of the Sun) are shown in Flgure
1.16. For both small and large values of +* the differences in the
angular behavior of [(0)} for these atmospheric models turn out to
be considerable, which is confirmed also by the comparisons made
by Arking [55] between the theory of [45, 47] and the experimental
results on the Tiros IV satellite (Figure 1.17). Figure 1.16
shows that the angular distribution of the Earth's brightness variles
with the atmospheric turbidity, the position of the Sun, and
especlally with variation of the albedo of the underlying surface.
This explains some of the laws governing the angular behavior of

reflected radiatlion.

For A = 0 the intenslity of radiation increases with
inecrease of the angle 6, especially in the half-plane ¢ = 0,
although for the molecular atmosphere the Earth is brighter (at
t, = 309) and still brighter (at Lo = 75°) in the opposite azimuth.
The minimum of brightness for g, = 79°l1s obtained at the nadir, and

for ¢, = 80°it differs from the nadir by 15-30° on the ¢ = 0 side. /4

# To obtain f,y 1n absolute units one must multiply I by the solar
constant s, for wavelengths corresponding to the given ™ and V.
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Figure 1.16. Angular behavior of relative Intensity of reflected
solar radiation for the molecular {(broken lines) and aerosol
(solid lines) models of the atmosphere
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Figure 1.17. Integral brightness coefficients over the ocean
1- measurements [55]; 2- calculations [47] with r = 0.2 3-|
caleculations [47] with 1 = 0.8; U4- calculations [45] with A = 0
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Figure 1.18. Angular distributlons of relative Earth brightness
a- t*= 0.2; b-t¥= 0.5. /= 60°; 1,4~ model of molecular
atmosphere [U45]; 2,5 and 3,6- models of the aerosocl atmosphere
from [47] and [49], respectively

411 these laws stem mainly from the nature of the scattering
index assumed in a particular model atmosphere, and are easy to

explain when one considers the scattering angles which are obtained
for given values of 6jand ¢} . When the observer's plane aiffers

from that of the solar vertical, the angular distributions of
I (8) presented in Figure 1.16 are smoothed out, but their

character does not change.

The parameter I (0) undergoes a much greater transformation
with increase of A. It follows from Figure 1.16 that, with
increase of A for small g, , we go from an increase of brightness
towards the horizontal ("limb brightening") to a practically
complete independence of the reflected radiation on 8 (for A = 0.14)
or even to "darkening" of the horizontal (for 4 = 0.8). For large

values of &l the nature of 7 (0) does not vary for any values of A.
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It 1s noteworthy that there is some convergence of the
angular distribution of the Earth brightness for the different
atmospheric models, as L, increases and 1*;decreases, especially
for large A. This process is illustrated in Figure 1.18, which
shows curves of the angular behavior of the relative intensity of
reflected solar radiation for the molecular [45] and the aerosol
atmospheric models considered above [47, 49]. Practically com-
plete agreement for 7(6y is obtained with the values calculated
from tablesjin [47, 49]. This is evidence of the validity of the
general nature of the angular structure of the fileld of reflected
solar radiation, which is determined by the atmospheric models
adopted in [47, 49], and by the calculation methods. The des-
cription of the varilation of the angular behavior is confirmed by
the results of measurements of Earth brightness, obtained using a
telephotometer mounted on the AES Kosmos 149 [B.29, B.30], which
scanned along the flight trajectory and measured the intensity
of reflected solar radiation in the 0.74 um spectral region. The
stabilization of the satellite was good enough to allow determina-
tion of the measurements of the same section of the Earth viewed
by the telephotometer at different angles during successive scans.
A comparison of the experimental and thecoretical angular distri-
butions of the Intensity of reflected solar radiation, obtained
using Kosmos 149, in the spectral region 0.74 um, is shown in
Figure 1.19. Within the natural scatter of the empirical
quantitles, the measurements confirm the transformation of 7 (8)with
variation of A, Here it should be borne in mind that the
experimental data were obtained for the azimuthal plane, which
is almost perpendicular to the plane of the solar vertical.

This is probably the reason why the empirical curves [ (8)in
Figure 1.19 are close to the theoretical data corresponding to an
orthotropic model of the reflecting surface. Similar results

of comparing calculated and averaged results of measurements of
cloud brightness from the satellite Tirocs IV in the spectral
ranges 0.55-0.75 and 0.2-6 um [56] are shown in Figure 1.20.
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Figure 1.19. Comparison of Figure 1.20. Angular distri-
theoretical (broken lines) and buticns of the solar radia-
experimental (solid lines) tion reflected by clouds
angular distributions of the from [56] 1- measurements
intensity of reflected solar 2-l4- calculations with
radiation T .= 4,40; 8,80- | and 8.5, = 0 + 25,8°|

The variations in the angular dependence of reflected solar
radiation, illustrated in Figures 1.18 and 1.19,|can be explalned
by the different relationships of the two components of the
Earth's brightness: the direct solar radiation, immediately re-
flected from the ground surface and attenuated by the atmos-
phere, and radiation which is multiply scattered in the atmosphere.

For small A the contribution of the first component is
small; the increase in the Earth brightness towards the horizon
is associated with increase in the layer of haze and therelffore

of the second component.

For average values of A and small .Q{, the contribution of
the first component increases so much that the multiple scatter-
ing scarcely compensates for its attenuation in the atmosphere
in the backward path towards the observer. As a result practi-
cally neutral behavior of 7(8) is obtained.
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For large A and small &' the contribution of radiation immed-
iately reflected from the underlying surface increases so much that
attenuation of this energy along the path to the observer for
large 8 is no longer compensated for by multiple scattering of
the radiation by the atmosphere and a decrease of brightness Z—EE
towards the horizon is obtained. But if {,/is large, then, because
of decrease of the incident flux of the direct solar radiation by
the factor {,, the contribution of the directly reflected|
solar radiation will not be so large, and the nature of the
angular dependence of 7 (9. wlll be the same as before (I increases

with 8).

The role of the scattering index has already been noted above
when we compared the brightness of the molecular and aerosol
models of the atmosphere. Since the calculations in [47] were
carried out for different indices, but with the other parameters
fixed, we can also evaluate the effect of variation of the aerosol
scattering indices. The angular distributions of reflected
radiation for scattering indices wilth different degrees of asymme-
try are shown in Figure 1.21. The differences associated with
the index are small: the relative differences reach 30% for
4=0,{ =30° for indices VII and VIII| (+* =0,6). An increase in
the turbidity of the atmosphere or of the albedo leads, as one
would expect, to smoothing out of the effects of the indices.

One can obtain an ldea as to the role of the scattering index

and polarization of light in the angular structure of the field

of reflected solar radiation from the work of Frasbr [51], who
performed calculations for scattering matrices corresponding to
some specific particle size distribution functions, and com-
pared these calculations with the data of [47] (Figure 1.22).

It can be seen that polarization does not alffect the basic laws

of the angular behavier. As far as more detalled differences

are concerned, they cannot be explained by polarization effects
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Figure 1.21. Angular behavior of intensity of reflected radiation
for different scattering indices (denoted by Roman numerals),
from [47] a- t* = 0.2 (V, VI); b- % = 0.6 (VII, VIII)

The solid curves V, VII: the broken curves VI, VIIT, 1,2- A = 0|
Lo = 30°; 3,4-A=0.8, 1 = 30°; 5,6- A =0, gg = 75°; 7,8 |
A=0.8, go = 759
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Figure 1.22. Comparison of the angular behavior of the reflected
solar radlation a- t# = 082r = 75° A =20; b-t*=0.15 - 0.25,]

Zo = 36.9, A = 0.25 and 0
1,2- | caleulations of [51] for A = 0.5 and 0.625 um, respectively;
3,4- calculations of [47] for indices VI and V, respectively;

5- Rayleigh index
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alone, since the atmbspheric models used 1n f47,51] are not the
same. The differences decrease as the albedo of the underlying

surfaces increases, and for A = 0.8 the curves of {(8) practically
coincide, which is in complete agreement with the dependence con-

sidered for the angular behavior on the index albedo.

A11 the conclusions presented above refer to the case when
the Lambert law holds. However, the tables calculated in [47-50]
allow us to introduce a brightness coefficient and to calculate
the immediate reflection of direct solar radiation from a non-
orthotropic surface exactly, and the reflection of multiply
scattered radiation approximately (in § 6 we consider this
question in more detail).

The angular distribution of reflected Earth radiation is
also affected by horizontal nonuniformity of the underlying
surface, atmosphere, or clouds. To allow for horizontal non-
uniformities one must solve a three-dimensional radiation transfer

equation (see § 7).

Finally, for large values of & and ¢, one cannot use the [&5
plane model of the atmosphere, since the sphericity of the
atmosphere begins to play a part under these conditions. We
shall discuss this question in § 8.

In conclusion, we recall some of the results of measurements
of solar radiation reflected by the Earth. In spite of the
comparative simplicity of measurement, for the visible part of
the spectrum, there are very few reliable absolute values of
Earth brightness, particularly of spectral brightness. We know
only of the results of airborne measurements of 7,/ in the visible
and the near IR spectral regions, obtained by Chapurskiyl, et al.
above dlfferent kinds of underlying surface and cloud [571. The

comparison made in [57] between experimental and theoretical
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data showed satisfactory agreement.

Numerous experimental data on the field of absolute Earth
brightness in several spectral regions of the visible and UV were
obtalned using Kosmos 149 (some of these data have been already
mentioned above). These data have confirmed the validity of the
basie characteristics of the field of reflected solar radiation,
which 1is evidence of the similarity fto actual conditions of

the atmospheric models adopted in the calculations.

§ 4, Reflected Radlation in the UV, 0.20-0.35 um (Absorption
by Ozone)

The solar radiation in the UV spectrum from 0.20-0.30 um is
strongly absorbed by ozone, present in the atmospheric layer from
10-50 km, and practiecally none reaches the Earth's surface. In
addition, this radiation is strongly scattered by air molecules
and aerosols, even in the rarified atmosphere lying above the
ozone layer, Therefore, some fraction of solar energy in this
spectral range is reflected by the atmosphere fto outer space, and
does not reach levels where the concentration of ozone is high.

However, until recently, the question of the spectral, angu-
lar, vertical, and spatial distributions of thilis energy had not
been considered in geophysics. The reason was the absence of
radiation measurements at large heights. For this reason, and
also because of the difficulties in calculation, no computations

were made of scattered UV radiation in the ozone absorption region.

The use of rockets and satellites to probe the atmosphere

above the ozone layer has allowed eXxperimental investigations
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to be performed, and has also stimulated calculations of the
Earth's brightness in this spectral range. Spectral measurements
have been made of the absolute intensity of solar radiation
reflected by the Earth, in the spectral range 0.22/to 0.33 um with
a resolution of 14 E, on the satellites Kosmos 45 and Kosmos 65
[58-60], and photographic data were also obtalned in the spectral
regions 0.255 um (resolution of 140 i) and 0.284 uym (resoclution
70 E) on the USA satellites [61, 62]. The spectral brightness

of the Earth in the range 0.15 - 0.32 um was obtained with a
resolution of 4 E at various heights, from 28 to 124 km, using
rockets [63]. The literature also has results of rocket measure-
ments of brightness in the spectral ranges 0.22 and 0.26 um|[64],
and measurements on the X-15 aircraft at a height of about 60 km
for » = 0.24, 0.26, and 0.28 um [65]. These measurements, and
the results of calculations of reflected intensity of UV radia-
tion In[66-68], are evidence as to the considerable variation of
the intensity of reflected radiation, due mainly to the varia-
tions in the vertical distribution of ozone *. To explain the
variation of 5,iwe draw mainly on fthe results of calculation, J46
using experimental data to estimate the validity of the |
atmospheric model adopted in the theoretical investigations.|

Detailed calculations of the intensity of radiation in the
interval 0.20 - 0.32 um, scattered by the Rayleigh atmosphere
to outer space, for various positions of the Sun and directions
of observations, and several vertical distributions of ozone
concentration, have been made by Green [66). He restricted
consideration to single scattering, and all the physical parameters

* However, this does not exclude the possibility that these
differences are assoclated with the special features of the
methods of specific calculatlions or experiments. Unfortunately,
the matter of method is not discussed in sufficient detail in the
papers cited.
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(vertical distribution of ozone concentration and alr density,
and the dependence of absorption*and scattering coefficlents,
and of solar radiation on wavelength) were approximated by
analytical expressions. This allowed him to express the
intensity of outgoing radlation in analytical form.

It should be noted that one must account for high-order
scattering in the wings of the ozone absorption band and for
large optical path lengths of UV radiation. In addition, for
these conditions an appreciable part is played by scattering of
radiation by aerocosols in the high layers of the atmosphere (meteor
trails, cosmiec dust, and noctilucent clouds). Probably one
should not ignore also the phenomenon of luminescence in these
ecalculations, which is responsible for reradiation of solar
energy absorbed in the Schumann-Runge bands (1750-2000 E), in
the form of emlssion of the daytime sky in the regilon 1750-
k500 A (it was shown in [69] that this emisslon 1s greater than
the Rayleigh scattering above 80 km). \

An important special feature of radiative transfer in the
atmosphere for the spectral regions examined, and one which
complicates calculations, is the quite complex dependence of the
ozone absorption coefficient on the wavelength » and the height =z,
which manifests itself in the complex vertical structure of the
optical depth of the atmospheric layer

: |
Tu(z)=S[Jx(t)+aa(t)]dt | (1.31)

0

¥ Tater on (see [63])@reen also took absorption of radiation by
molecular oxygen into account in the calculations.
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Figure 1.23. Vertical distribution of 8 (1-3) and t (4-6);
1,4-= for A= 0.34 um and m(z) after Johnson [71]; 2,5~ fori-=
0.28 ym and m(z) after Johnson [71]; 3,6- for A= 0.28 um and
m(z) after Green [66] for the standard 03 profile.

and of the parameter
@y (2)

B =mram (1.32}
As can be seen from Figure 1.23, in the strong absorption
region (large - , which can reach 150) the effective reflecting
lgyer of the atmosphere 1s optieally thin, since the parameter
By differs from zero only in a narrow layer. When the absorption
decreases this layer expands, and in the wings of the band (in
the pure scattering region) the radiation field is formed by the

entire atmosphere,

Some results of calculations of characteristics of the
field of reflected radiation in the spectral range 0.20 - 0.35 um
for various positions of the Sun and directions of the observer,
allowing for multiple scattering, have been given in [67, 68].
These calculations are based on a numerical method of solving
the radiative transfer equation, developed by Germogenova [70].
The atmospheric model adopted in the calculations was determined

73



by the following parameters: alr density varied exponentially

with height

o@=pe=| (o = 0.125 km~1);  (1.33)

only Raylelgh scattering of radlation by air molecules and

absorption by ozone molecules was congidered; the vertical
distribution of the ozone concentration m(z) up to 70 km was é&i
taken from data from the rocket measurements of Johnson [711,

and extrapolated to 100 km. It was also assumed that the under-
lying surface does not reflect in the spectral range congidered,

and that there were no internal radiative sources in the atmo-

sphere¥*,

References [67, 68] have calculated the 1ntensity of the
ascending I{|and descending I}! radiation at the nodal points T
for directions e = 10, 23, 36, 48, 60, 70, 80,85, 89, 90°, ¢ =
0 to 180°; ¢zl = 0, 30, 60, 80° at chosen wavelengths in the
region 0.20-0.35 um, with a pitch of AA'= 0,0tum.

4.2._ Spectral Distribution of Outgoing Radiatlon

An example of the spectral distribution of the Intensity
of outgoing radiation in the spectral range 0.2 - 0.35 ym, for
the case {, = 0; 8 = 109 obtained in [67], is shown in Figure 1.24,
The figure shows similar calculations of Chapman, Green, and
other authors, as well as experimental data on H|, obtained
by means of rockets and satellites, which allow the variation

of Il to be evaluated. The overestimate of Curves 1 and 2 in

¥ In fact, in the long-wave part of the 03 band (x» > 0.3 um)
reflection from the underlylng surface cannot be neglected.
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comparison with Curve 3 of Figure 1.23 arises from the fact that

the distributions assumed in Chapman's calculatlions and in [67]

dlminish more rapidly at large heights, than the standard distri-

bution m(z)

used by Green [66]. This entails an opposite behavior

for the parameter f,(z)) with height, which is responsible for

an increase

in the effective thickness of the atmospheriec layer

which scatters the solar UV radiation backwards, and therefore,
for a growth in the intensity _ﬁ‘. We note that because 7]/ is so

gsensitive to variations of m(z) in the 03 bands, the measurements

of Ii|are used to determine the ozone concentration at large
heights (see, for example, [60, 62, 63]).

Another probable cause for the reduced values of Il in [66]

may be the neglect of multiple scattering. However, a special

calculation

of Il{ for the Green model has shown that multiple

scattering makes a negligible contribution for » = 0.25 um,

although this contribution is appreciable even for A = 0.28 umnm,

and it reaches 70% of the single scattering for » = O.3ﬂum {(see

the points on Figure 1.24).

By comparing the theoretical curves we see that the intensi-

ties of the
a factor of
[66], by an
The data of
and rockets
by a factor
close %o Iﬂ

reflected radiation at their minimum values differ by
3 or 4, and taking account of all Green's results
order of magnitude 0.001 - 0.0l mW/cm2.ster.um.
measurements of brightness, obtained from satellites
in the above sectlons of the UV spectrum, also differ
of 2 or 3. It turns out that each of these values is
ln an appropriate section of the spectrum of one of

the calculated curves present In the figure. The spectral

measurements of brightness of [59] do not exhibit such large

variations in brightness, expecially in the strong absorption

region.
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Figure 1.24. Distribution of intensity of reflected solar
radiation 1- calculation of Chapman [61]; 2- calculation of
Germogenova [67]; 3- calculation of Green [66]; U4,5- satellite
measurements of Friedman [61] and of Rawcliffe [62]; 6,7- rocket|
measurements of Mazefield, et al. [63]; 8- allowing for '
multiple scattering in the Green model [66]. S; is the smoothed
curve of solar radiation outside the atmosphere

Thus, the available measurements in the liferature are not
sufficient for a comprehensive evaluation of the limits and
causeg for changes in the spectral brightness of the atmosphere
in the UV region. However, in comparing the results of satellite,
rocket, and aircraft measurements {(see Table 1.6), one cannot
ignore the fact that the rocket and airceraft data in the central
part of the ozone band (0.24-0.26 um) are somewhat low in com-
parison with the satellite measurements. For example, for the
region A= 0.24 um I{==OJ-HYM from the aircraft data of [65]; iﬂ_
5.10—3 from rocket measurements of [63], 10+.0-3 mW/cm2.
from the satellite measurements of [59]; and for the region A=0.26
ym, respectively {, =1-10° from [65], 5.10-3 from [59], and even
20+10~3mW/cm2 ster.um from the satellite measurements of [61].
The most plausible explanation of these ratlios i1s that, in the

ster. um

strong czone absorption region, the UV radiation reflected by
the Earth results from scattering at quite large heights, not
reached by the X-15 aireraft [65] and the lower altitude rockets
[68]. This fact is clearly illustrated by the transformation of
the spectral brightness curves obtained in the rocket ascent of

}
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[63], and is confirmed by calculations of the vertical behavior
of the brightness 1n the different ozone sections [68].

A possible cause of the above discrepancies is also
additional radiation from fluorescence [69]L It is true that,
according to an estimate in [69], the fluorescent energy
averaged over the spectral range 0.2-0.3 um does not exceed
10-3 mW/cm? .
above differences. However, there 1s as yet no information on

ster«| ym, which is several times less than the

its spectral distributlon, apart from the Information which
one gets by consldering the spectra obtained in [59].

Since very little is known of the distribution of aerosols
with height and particle size, and also their optical properties,
particularly in the upper layer of the atmosphere, we can make
only nominal evaluations of aerosol scattering of UV radiation.
It is interesting to examine scattering by such objects as
noctilucent clouds or meteor trails, which have an optical
thickness considerably greater than that of a corresponding
molecular layer. Taking into account that the aerosol scattering
Index 1s considerably elongated in the small scattering angle
region, we can expect that, for specific relative locations
of the Sun and the observer, the intensity of UV radiation
scattered by the aerosol layer to outer space will be appreciably
greater than the intensity of the molecular scattering. 1In
other words, against the very weak background which is determined
by scattering of atmospheric molecules in the central part of
the band, for example, at 2 = 0.25 pym, in daylight conditions, one
can observe luminous aerosol layers of the type of noetilucent
clouds or meteor trails, if one carried out appropriate measure-

ments of outgolng radiation.
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8.

TABLE 1.6. INTENSITY OF REFLECTED SOLAR RADIATION £
(mW/cm?2.ster. uym) AND BRIGHTNESS COEFFICIENT ry (in %) k¥

Calculations Measurements
]
References it 1ps fx Method of measurement woume | an |5 % |00
. deg.|deg.
""" - |
[65] 2 0.3 Satellite [61] 0,255 | 140 | 49 0| 20
" [62] 028 | 70 ] 0| o] 9
" [59] 0,24 | 14 869 7 |61t
The same 0,25 | 14 Js—69 LA
[60] 7.5 1.1 " 0,26 | 14 |[s—69| 7 |5—10
[60] 3 0.4 " 10,27 | 14 {869 7 417
[65] 3 0.4 " 1028 | 14 |s—60] 7 |2-10
Rocket at height 40 km [63] 0,22\ 4| 60 | 60 1,0
[66] 4.5 0.6 Rocket at height 70 km [63] 0,24 4 ] 60 | 60 1.5
[59] 3 0.4 Rocket at height 100km [63] 0,28 | 41 60 | 60 6
Rocket [66] 0,26 100 § 22 | O | 5
The same 0,27 |+ 200 - — 10
Aircraft [65] 0.2 j — | 48 | 30 }04_
The same 0,26 - 48 30 1
" 028 | — | 48 } 30 | 10

2
*Notes: The calculations are for A= 0.25 umite=10;8=0 (5, =0,7tmW/cm .ster. um). The measurements
are 14 for various i, 4 ¢, and 6 obtained In the experiments.
*% Translator's note: Commas in numbers represent decimal points.




Calculations of Ih have been made to verify this hypothesis
for the case when there is an aerosol layer (noctilucent clouds)
between 75 and 80 km. The particle sizes a of the noctllucent
clouds were taken from data of direct rocket soundings of
noctilucent clouds [72]: a® 0.1 uym, and N = (4—30)-10_4 cm
which corresponds to a total optical thickness of 0.005, which

73,

was also assumed in the calculation (the molecular optical thick-
ness turned out to be an order less). The parameter BA]in this
layer was taken to be unlty. The scattering index, corresponding
to the value 2na/dA =2,5( =025 um),lwas assumed in the form of an\
expansion (1.26) of ten Legendre polynomials (the seriles coeffi-
cients were taken from the tables in/{73]).

A comparison of the angular behavior of [, (8); for Rayleigh
and aerosol scattering, for two values of A shown in Figure 1.25,
shows that for small {,, and also in the wing of the band
( A = 0.34 um), the Earth's brightness with noctilucent clouds
present is even several times less than that for the purely

molecular atmosphere.

The apparent reason for this is that at the scattering angles
encountered in the conditions considered, the values of the
aerosol scattering index are so much less than the wvalues of the
Rayleigh index that they are not compensated for by an increase
in Intensity of scattered radiation due to the increased optical
thickness of the scattering layer. However, at large ¢, and 0|
when the scattering angles are small and the aerosol index he-
comes conslderable, the intensity of reflected radiation in the
aerosol layer increases notably (by approximately a factor of
4 for ¢, =80°%0=280° and » = 0.25 um). Thus, from these calcula-
tions we can identify relative positions of the Sun and the
observer's direction for which there will be quite a sharp con-
trast between the "dark" background in the region of strong UV
radiation absorption by ozone and the "bright" noctilucent cloud,
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which reflects the radiation strongly.

The effect of aeroscl scattering in the lower layers of

the atmosphere on the outgoing UV radiation in different parts

of the ozone band can be seen from Figure 1.26, which shows curves
at 2 at several levels [68]. It 1s not difficult to appreciate
that the aerosol scattering in the layer z < B0 km ecan be calcu-

lated satisfactorily only for A > 0.30 uym(the same applies to

calculation of the albedo of the underlying surface). The laws

for the vertical behavior of UV radiation are considered 1in detail

in [68].

&7 1274 " g 06"
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Figure 1.2%5. Comparison of the
angular behavior of the rela-
tive intenslty for the
molecular atmosphere (broken
line) and for the aerosol
layer at 75-80 km (solid
lines)
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b1,

The angular distribution of reflected UV radiation 1is
determined by the vertical distribution of ozone and the ratilo
between the scattering and the absorption of the atmosphere for
radiation propagating in different directions, i.e., it depends
appreciably on A. An example considered 1n [68) of the dependence
of Ii(mtfor various aand §lin the plane of the Sun's vertical is
shown in Figure 1.27. In the strong absorption region (ix= 0.25 ump
It (®)doe not vary much in the range 0<{ 0<60° and increases sharply for|
06— 905 . However, as w increases, this growth begins even
for small B8, even 1n thé weak absorption region (1 = 0.34 um).

A similar behavior of I1(g) occurs even for pure scattering, as
indicated by the dot-dash curve in the figure. We note that for

Lo = 107 11(0) even decreases somewhat with increase of 9.

The increase of Itifor large 8 is determined by the increase
in the geometric thickness of the atmospherie layer in which the
flux of backward-reflected radiation is mainly generated. In /51
the strong absorption region this layer is opfically thin and
begins to play an appreciable role only for very large 6. For
weak absorption, on the other hand, the whole atmosphere scatters.
This gives an appreciable contribution from multiple scattering,
which compensates for the limb "darkening", although not for

all values of ;.

We note that the results of similar calculations in [66], in
contrast with [68], indicate the absence of dependence of the
angular behavior of It(9), on i and §,. The reason 1s that
[65] used approximations for singly-scattered radiation which are

certainly not applicable to the wings of the ozone absorption band.
This statement 1s confirmed by the experimental data obtalned in

[59] on the angular relationships.
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Figure 1.27. Angular behavior Figure 1.28. Spectral behavior
of intensity of reflected UV of AA in the ozone absorption
radiastion (relative units) band’
I- A2 = 0.21 pym; II- X = 0.25 um; 1-3- g = 0, 60 and 80°, re-

IIT- X = 0.34 um; IV) Pure Raylelgh spectively
scattering for t# = 0.8, X =

0.34 ym; 1- zp = 10°; 2-

ze = 60°; 3- g, = 80°

Reference [68] investigated the dependence of /{jon ¢, for
different parts of the ozone band and fixed 6. It was shown that
for small 8 the value of I decreases with increase of §;faster,
the less is the absorption. Conversely, at large & an increase
of I along with &, was observed in the center of the band and a
weak variation in the wings. This relationship allows us to
extrapolate the measurements obtained for fixed values of the
angle Cmto other zenith distances of the Sun, and the extrapolated
curves are different for different sections of the ozone absorption
pand. Therefore none of these should be used to extrapolate Jf!
with respect to gyfor all the other wavelengths, as was proposed
in [61], based on results of Green's calculations [66].

These peculiarities of the angular dependence of I on 8 and ;%
for different A are also apparent in the spectral distribution
of the albedo for a plane atmospheric layer in the UV reglon, as
can be seen in Figure 1.28 (the albedo of the underlying surface

was taken as zero).
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Reference [68] alsc examined the variation of I(8); with
height, which allows us to investigate the role of absorption and
scattering in determining the angular structure of the UV
radiation at different helghts.

§ 5. Reflected Radiation in the Near Infrared

(0.75 =5 um)

The radiation field of the Earth in the near IR has two
peculiarities, which determine the degree and nature of investi-
gations of its characteristics: this reglon has many absorption
bands of water vapor, carbon dioxide, oxygen, and other atmospheric
constituents; in the long-wave half of the IR range (A 3um), /52
the radiation leaving the Earth i1s a superposition of comparable
fluxes of reflected solar radiation and self-radiation of the
planet (the amount of the latter increases with wavelength).

Because of the first peculiarityﬁconsiderable attention is
usually paid to the integral characteristics of the absorption in
the bands associated with atmospheric energy calculations.
Recently, because of the use of the absorptlion bands and the
"gransparent windows" in the IR range to investigafe the atmosphere
and the underlying surface from satellites, a number of
experimental data have been obtalned on the spectral transmission
of the atmosphere (some of these data were referred to in § 2)J
as well as on the spectra of reflected solar radiation and self
radiation in this region [42-44, 72, 74, 75]. Calculations of
the characteristics of the fileld of reflected solar radiation
were obtalned in [42, 76-79]. We shall make some analysis of
these data from the viewpoint of guestions related to optical

probing of the atmosphere.
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ar : The main peculiarity of

£ ‘ spectra of IR radiation measured
E' from aircraft [42-844, 577 and
: rocket [74, 75] soundings is the
% / variation of the absorption bands
o as a function of the kind of under-
,§ : lying surface or c¢loud, and also,
E’pﬂf ' probably, of the moisture content
o - of the atmosphere. For example,

137_ \ in the spectra obtained by

1 | i
2 L6 247 A, um Chapurskiyl, et al. [57] for solar

radiation reflected from cumulus
Figure 1.29. Spectral behavior

of brightness of clouds and and noctilucent clouds (Figure

ice, after [57] 1.29), it is observed that the
1- noctllucent clouds; centers of absorption bands
2- cumulus clouds; 3- ice

and snow corresponding to water vapor
absorption (1.38 and 1.86 um)
are shifted in the long-wave
direction (1.45 and 1.94 uym for the liquid drop phase In the case of
cumulus clouds, and 1.50 and 2.0 um, respectively, for the solid
phase in the case of noctilucent clouds). Minima near 1.5 and
2.0 um are recorded also in the curves of spectral brightness
for ice and snow (Figure 1.29),which supports the validity
of the interpretation of these minima as absorption bands from

ice particles.

gimilar results were obtained in [43] for the spectral
region 1.2-3.6 ym. The spectra of noctilucent clouds also show

only solid phase absorption bands (near 1.48, 1.97 and 2.85 um).

Thus, from the well-resolved spectra of reflected solar
radiation in the IR, measured from a satellite, one can determine
the phase content and type of clouds. There is parficular interest

in measurements in the "transparent window" at 3-U4 um, because of
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interpretation of television pictures of the Earth, obtalned
currently from satellites (Nimbus series) in this spectral range
[B. 21].

Since, on the one hand, television is based on contrasts
of temperatures expressed via contrasts of self-radiation, of
natural surfaces and clouds, and on the other hand self-radiation
of the latter is comparable in this spectral range with the
reflected sclar radiation, appreclable errors c¢an arige under
daytime conditions in the analysis of a picture, even for weakly
reflecting surfaces. For this reason measurements of the emission
spectra of terrestrial objects in the long-wave section of the
IR [44, 57] were undertaken. These measurements show that /53

there will be interference from solar radiation for cumulius

clouds or strongly reflecting vegetation.

Reflected solar radlation will create serious difficulties
also when we try to solve the problem of determining the vertical
profile of atmospheric temperature from the self-radiation of
the Earth in the CO, band at 4.3 uym. Therefore, we must find a
relation between these components of the Earth's IR radiation and
determine ccondifions under which either the scattering and
reflection of solar radiation, or the self-radiation, can be
neglected in Equations (1.1) - (1.4}, and in the intermediate
case we can evaluate the contribution of each component at the

varlous wavelengths.

Another problem of method, lmportant in determining the mass
of water vapor or other absorbing substance from the reflection of
solar radiation in the IR, is the development of a method for
reliable calculation of the intensity of absorption in clouds.
This effect can result 1n the appearance of weak absorption bands

of water and ice, located in the IR sections of the spectrum,
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(e.g., for » = 0.74 and 1.03 ﬁm in the measurements of reflected
solar radiation on the satelliltes Kosmos 149 and Xosmos 320).

ﬁ 6. Calculation of Non—or@hotyopic_Unﬂerlying Surfagesw

In the above survey we noted the need to evaluate the
effect of a non-orthotropic surface on the characteristics of
the reflected radlation field. However, it is difficult to solve
the radiative transfer equation (1.1} - (1.4), allowing for the
brightness coefficient of the underlylng surface with anisotropic
scattering in the atmosphere, and it is not a very attractive
problem because of the complex dependence of the brightness
coefficient on many factors which are not amenable to calculation.
Therefore, a method was proposed in [76, 80] for calculating the
brightness coefficient R only for radiation directly reflected
from the underlying surface; and multiple scattering must be
expressed 1in terms of the albedo of this surface. Estimates
were made in [80] of the errors from thils computation of a
non-orthotropic surface, and methods were proposed to determine the
albedo used for calculating the multiple scattering.

These estimates were obtained from the relations of Kuznetsov
[81] for the intensity of scattered solar radiation in the case
of a spherical scattering index (y = 1):

edd

Ig(x, r) = [nR(r r@)exp(—r secgo cosCo 5 KR t) dt S exp (— tsec0) x
. 0 .

-—

_ _ (1.34)
x R(r, r)dm]exp(—rsece)—,—seces Kr(t)exp[— (v ~'t)sec 0] dt.

14
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The source functicn Kﬁ(ﬂ, is determined from the integral

equation:|

kﬁ(t) :—i—exp [ — (" — t)seciy] + Ti-exp(— 1" se¢ §p) )(

! EAd

% ¢os {y S‘exp(——_tsece)li‘(r, r@)dm—!-%;s Kr(ty X . & (1.35)
. - : . 0’ - : t
® {El(lr—;;[)mi»—%Siexp[—(tsacﬁ+tsecﬁ’)]R(r, r'_)dchm’}dt.(
- . o, + ’7 . . . .I. <, N . .
Here }
o8] |
J = \ gtxgk dg om0
E'f(“.).,...§_""=3'_.__ y (1.36)
is an integral index function: and rg| 1s the directlon of / 54

ineidence of the solar radiation.

Equations (1.34) and (1.35) are a generalization of the
well-studied equations to determine the source function Ka (0
and the intensilty JZa(w.n), in the case of an orthotropic surface,
whose reflecting properties are described by an albedo A (see,
e.g., [821).

In the methods formulated above for approximate calculation
of the non-orthotropic surface, the error in determining IR will
be decided by the difference between the functlons Kg (1), and
KEa(ty . It was shown in [80] that when the conditlons

-—;—- S R (r, T‘@) exp ('-—- T sec ) dw = AEg (17) + 61 (‘C, r@);

k : (1.37)
r § A(r)exp (—7sec 0 dw' = AE, (v} + 8 (T, f.@),

where

4= 46o) = RO ro)cos8do, (1.38)
3
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are fulfilled, and.ﬁ and 62 are restricted in amplitude to a quite
small and constant 6§ , the difference

| Ka () — Ka(%)] | (1.39)
will be small.

If the brightness coefficient is represented in the form of

the sum
K_ N M S
R(r, 7)) = i NS S e coskecosne'cosm(tp ‘lIJ), (1.40)
k=0 n=0 m=0
then Ky(f) can be expressed as the sum
Kr () = Db (v), Wl (1.41)

where ¢:i(%); are universal functions determined from the integral

equations

T . 1‘

w@ =40 +5 @O BIT—tha =1, 2,00, (1.142)

and the coefficients bi are expressed as a linear combination
of aﬂi and quadratures of w:ﬁy._ The free terms 1n Equation
(1.42) have the form:

: ¢ —— .

fo(r)=Taxp[—(1 —1)sec§,l; fi{t) = Eia (7) {i=1,2,...). (1.43)
Effective solutions of Equation (1.41) were obtained in [80] for
two types of non-orthotropic surface:

vegetation cover, from which the reflecticn is described by
the symmetric function (1.40) with coefficients
o = a@l= 1,8; oy = — 1,8 = —1,7;a{W = 0, forin >0,k > 1,n > ;]
snow with frozen crust, for which
=~ = — o) = 24 o = — = — 2kl = = Fall = 240

aY = 2,34 afw = 0form>1,n>1, k> 1.

88



Curves illustrating the true brightness coefficients and

their approximate values were given earlier in Figure 1.14. 55

In spite of the great asymmetry in the brightness cceffi-
cients with respect to 8 and ¢ (e.g., for snow in the direction
6 = 0 the refleetion is less by a factor of 26 than for =909 ),
the differences between Kgr(t))and Ka(r). are not greater than 12%
for =t = 0. and decrease as - 1*(see Figure 1.30, for{, = 30and!60®, t* =
0.6). It was shown in [80] that the albedo A required to cal-
culate Ka(r) 1s given by the expression

A=Alre)+ A v) ] : (1.44)
where
Afrg) = SR(r, rg)cos fdo, (1.45)
3
S Kp (D § HES R(r, r)exp (— tsec®)do’ — R (r, rg) Es (z)] c0s 8 dods
Ag vy =-"— + ——— .
0,5 exp (— v* sec fo) coslo+ | K (1) Es(t) de
S0

(1.46)

The errors in /g (r,r)| obtalned by replacing Kp(v)l by XKa(zy)l in
Equation (1.34), are also small (Figure 1.31).

Thus, for spherical scattering the brightness coefficient
can be calculated only for radiation directly reflected from the
underlying surface, and one must use a surface albedo %o calculate
multiple scattering of the radiation. This conclusion allows us
to make complete use of the calculations of secattered radiation
obtained earlier for orthotropic surfaces, and when the reflection
is given R (r, ) (one needs only to determine A for the given
surface, in addition to R). It is clear that calculation of A
from Equations (1.44) -~ (1.46) requires Equation (1.35) to be
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i

- %=ﬂ

4
Figure 1.30. Comparison of Ky Figure 1.31. Comparison of
(solid lines) and Kp (broken the intensity of reflected
lines) for the brightness co- and incident radiation, Ig
efficients shown in Figure (so0lid lines) and I, (broken
1.13 lines) for R of snow (see
Curves 1 correspond to Filgure Figure 1.13, b)
1.13, a, g, = 60°; curves 1- It at the ground surface;
2 and 3 correspond to Figure 2- I+ at the upper boundary
1.13, b, ¢, = 60°and 30°, of the atmosphere; 3- IV
respectiveiy. at the ground surface

solved and R{(r,7) to be calculated. However, one can determine
A approximately, by taking a first approximation as 4, = 4 (rg).

By calculating the function Ka(t) for A(rg)) and substituting it
into Equation (1.346) instead of Kp(t), one finds the next:
approximation Ay, and so on. This calculation gives the follow-

ing values for snow, for example:

fo Ay=4 ("'@) Ay A;act"!
30 0,592 0,648 0,820
60 0,68 0,663 0,663

The correction to A means the actual dependence of the albedo of
the surface-atmosphere system on the optical properties of the
surface for a given position of the Sun. From the data pre-

~
T
h

sented it can be seen, in particular, that for small Ljof the
atmosphere, the albedo increases, while for large values, 1t

decreases.
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It was noted in [80] that the hypothesis concerning the
anisotropy of atmospheric scattering cannot geriously alter
the results obtained, at least for only slightly asymmetric
scatterlng indices. As an example, the index

v{¢) =1+ %, cos g (1.47)

was examined in [80] with %, =1, +* = 0,3and [, = 60% In this case
Kr (1, r) is expressed, as before, in terms of universal functions,

which are solutions of equations of type (1.49).

As can be seen from the data presented above, Ky and Ka do
not differ very much, apart from small t )i.e., close tc the
levels near the surface), where the differences can reach 20%.
We note, that for anisotropic scattering, Kg and Kp depend on
the direction (the source functions are given for ascending
radiation), and the largest differences relate to the directions

for whieh the index takes minimum values:

T L 0,04 0,08 0,12 - 0,16 0,20 024 0,28 0,30

Ky 0,490 0482 0,481 0,474 0,169 . 0,462 0,454 0441 0,134
K, 045 045 0,458 0,57 0,56 0,153 0,447 0,137 0,131

Near the top, Kg and Kp practically coincide, and therefore
the differences between Ig and I will be small, as before.

We note, finally, that from Figure 1.31 we can conclude
that the non-orthotropic surface 1is smoothed by the atmosphere,
because of multiple scattering of the radiation in a turbid
medium. Allowance for the anisotropy of scattering in the
real atmosphere will not alter this conclusion substantially for
reflected radiatlon, since for it the scattering angles take
values for which actual scattering indices are comparatively
symmetrical.
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§ 7. Caleulation of Nonuniformity of the Underlying Surface |

7.1._ Basic Relations

The results considered in § 3-6 of the present chapter for
calculations of reflected solar radiation, like the great
majority of investigatlons of the Earth's radiation field, are
based on the assumption that the medium and the underlying
surface are homogeneous in the horizontal direction. This
assumption, which makes it possible to greatly simplify solutions]
of many problems in transfer theory, is a great idealization
of the actual conditions because of the horizontal variatilons
of the characteristics of the atmosphere, clouds, and underlying

surface.

To determine the characteristics of the radiation field of
a horizontally nonuniform medium one must use a three-dimenslonal
radiative transfer equation. Approximate solutions of this
equation were obtained by Jefferiesland Giovannelli [83, 84], using
the Eddington method. However, in one important case, when only
horizontal variations of the albedo of a Lambert-type under-
lying surface are considered, and the atmosphere is a plane-parallel
anisotropically scattering medium, the solution of the three-
dimensional transfer equation 1s obtained in the form of a
comparatively simple generalization of the corresponding gsolutions
with constant albedo [85-87]. 1In fact, while the albedo of the
underlying surface A = A (x,y) 1s a function of the horizontal
coordinates x and y, the intensity of solar radiation I (x,y,230)
in this case can be determined from the equation

€03 9% + sin B sin % -+ sin acosw-g—; =6 (3) [é(}‘c, v, 8)— I (z, % 2 0, P)I; (1.48)

G(x,y,z)=%‘-SI(x, y,z;B,w)dmll (1.49)
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and the boundary condlitions

I’(va!y;9'¢)=’4—f’,’—’-’-’-SI‘(O,x,y;e,w)cose&m;‘ (1.50

I¥ (s0, 2, 4; 6, §) = 188 0 — L4} 8 (p — o). (1.51)

Introducing scales for nonuniformities of the underlying
surface for the axels,x and y (L L ), and the new variables
E= 2/l m = ¥y T&)v\oﬂﬁﬂ) 1*==t(mﬂ’ we obtaln, instead of
Equations (1.48) - *(1.51)

cosﬂi{—l-—_smg(s:;w g-é— !-Sin,?(%)w g,ﬁ G(x, & m) — I (% & m; 0, %) (1.52)
G(n, ) = S exp [— (v — hseo Lol + 7 1 (5, B 13 6, W) (1.53)

I (0,8 n; 0, 9) =46En [nSE““mC*’ cosly + S IV (0, &, n; 6, ) cos ed;,;]'; (1.54)
\

I, g, m; 8, 9) = 0. (1.55)

Here a(t) =L,olz(0)); b{z) = L, o lz{x)]| are dimensionless functions
describing the relations between the scales of nonuniformitles
and the vertical turbidity of the atmosphere. In particular,

if we use an exponential law for the scattering coefficlent g (z) =

Goe™¥, 1 = (Go/k) (1 — e™*?) = v* (1 —¢™), then
A =ap(r' —1); b)) =k (U —%);  ay=Lh; b= Lk (1.56)

To avoid laborious calculations, we consider the case
when the albedo is a function of only one coordinate, e.g.,
4 =4 () , and the underlying surface is homogeneous along n
(then the term with af/om)drops out in Equation (1.52))*. We

# A generalization of the results then obtalned in the three-
dimensional case does not present difficulties in principle.
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assume further that the albedo A (gD can be expanded in a Fourier

series

A(®) = 2) (pasinBE + gy, cos nf). (1.57)

n=0 I3

We represent the intensity of the ascending [/t and descending
Ilfradiations, and also the funetion G (1, £) in the form of Fourier

geries:

- o . oo |
It = D) 1A% cosnt + B sin ng]; It =l2 [AP cos nt + BP sin nt);
n= . . N0 .
1
|

G = 2 (GY cos ng +- GE,"'Irsi.n nkl]. l
. n=Q .

Following numerous but quite simple operations (see [85]), we obtain /58

a system of differential equations:

L]
-

r\ 2O E (T —t])ay (1.58)

Pp(5) = Tsexp [—(7* — T)sec y] -

Wy

-

i

Go(r)"='E=<ri+—2—,§Ga:(t)EIUr-tl)dt’: ' | (1.59)
Gn(r)=\1f2_|fr,%’1:t(1-71‘; ];i—%:S.G,,(t),“I’,[[r-'-twl,.—;%-lrll%]dt,\ (1.60)

where
\Ifk(x,y)zS?e_”fo(a:y]/-s_ﬁj)s—kds (k=1,2,...;-n=1,-2,...)’ (1.61)

1

are transcendental functions which it is convenient to regard as a
function of the two variables x and y, although in the final analy-
sis they are functlions only of the variable T and the basic para-

meters.
All the intermediate functions of the problem and the final

solution of Equation (1.52) can be expressed in terms of solutions
of the integral Equations (1.58) — (1.60), @ Go G, », €.8.,
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Go (1) = o (¥) + HoGo (v); 6% (1) = 1Y @, » (v); 69 (v) = HYG, (v). The constants
H,, A0Y, HP are determined from a system of algebraic equations
(generally speaking, of infinite order), whose coefficients are

expressed in terms of guadratures of the universal functions

o, Gy, G,] (see [85]).

It 1s easy to see that the unlversal functions ¢b (t) and GO (1)
coincide in accuracy with the corresponding functions for the one-
dimensional case (see, e.g., Equation (1.42)). As far as the new
funections G, (1) are concerned, they are solutions of the integral
equations whose free terms and kerhel are generalizatilons of the
exponential integral functions used in one-dimensional theory of
radiative transfer [82]. The final solution of Equation (1.52) for

Il is in the form of the series

I' (v, 5 6, §) =/2¢7 " i'{ﬂé"cﬂsn[‘é + 51— )] +

n=0

+ H®sin n [g + t—g-f’::—“‘*’ In (1 — ?'-)]} +

+se09Sexp[—(f—tisecﬁl{%ﬂ) + (1.62)

o

ot (1} , tgBsiny 1\
+,§0[Hn cosn(§+ = lnt._t)—i—

+H$?’smn(§ L wOsing ':',:f)]aﬂ(t)}dt. /

o

The flux of ascending radiation

= ’§ 56, 3 cbsedm‘

has the form

P19 = 20 3 (9 oo+ P inr (o1, 0 (1 )]+

A= .

‘ (1.63)

+{m(t—n Znizt]ena).
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7-2._ Properties_of the Functions ¥, (X, ¥) /5

Since the functions ¥, (x, y) will be used later in other

problems, we describe thelr properties, which are considered in [85].

We consider the transcendental funcfions

‘Fn(x,y;ﬁ)wsexp(——xlfu‘ B*)J(w)——“"‘,ﬁl—(">0 n=1,2...)%  (1.64)
AN R !

which are converted to the functions (1.61) for B = 1 and with
replacement of the variable of integration vu? + 1 = s; udu = sds.
It 1is easy to see that these functions are a generalization of the
exponential integral functions (1.37) used in one-dimensional theory

of radiative transfer. In fact, for y = 0,

£, ()
e (1.5)

‘Fﬂ (.'B, O'B) =
For x = 0, the functions ¥, (x, ¥y, B) take the form
‘. _ (U,I'ZB)(“-I)IB ‘
¥ (0, .?j' B} = T[ F 7] Ken1y (BY); (1.66)

where Km (Ry) 1s a McDonald function; and T [(n + 1)/2] is the
gamma function (see [88]).

It can be seen from Equations (1.65) and (1.66) that

1 1

¥y (0, 0; B) = oo ¥, (0, 0; B) = o3 ‘I’n(O_.U; B)=_u——1"5_u—1'; (1.67)
Woloo, 4 B) = Fnlz, 00;B) =0 (n>'].).}
The functions Y¥_ (x, y3; B) are bounded sbove:
E n B2} . (y/2p)™-vE :
Yalz, v f =l o l@ 43 B < T oy Koo By)- L (1.68)
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The functions Wn (x, y; B) are given by recurrent relations, which
it 1s easy to obtain from consideration of the followlng ldentity
(see [88]):

n+ :L‘Vug BA T2 2 n—1/s ————
1( + ) du = m—l,fs ( V = ) “—‘.’I(BV-xB—inyz)J (1-69)

V(u“+32) -1? .. | | :

and from expanding Kn+% in the series

e_/“g

: - (n 4 k) 1 [ .
Kml,!.(z) = --—£ Zk!(n—k)! -(22)" . ‘ (l TD)

For example,

Wy (e, y; B) = 2 (;ixf;j = ’ (1.71)

%@%m+%@%m,mkgfﬁﬂ

' (1.72)
¥alz 3 B) + —‘I" (=, ¥ 8) +— ‘F.;(x ¥, 8= .
= V?ﬁz_)ty exp(—-B]f;cﬁ_r.y) Li—f— V__-l-‘_ t (1.73)

and so on. To separate adjacent functions ?3 and Wu, in formulas
of type (1.73), we differentiate the integral (1.64) with respect
to B:

Pl B B (e W o2 33 B+ (3 1) Yo, 3 B, | (1.74)

Hence for n = 0, we obtain the expression

V@, 4 B) = =

mp—

e, | (1.75)

which exactly coincides with (1.73). For n = 1,

RN '
[B B *‘”F“] : (1.76)
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It is easy to find ¥, and so on, from combining Equations (1.73)
and (1.76).

Thus, to determine any function Tn (x, ¥; B} one needs the|form of]

the functionPP (x, y; B). TFor this purpose, from the obvious

identity
¥,
7= = Yo | (1.77)
we obtain, for n = 1,
WV, (z, u: exp[—B Vi34 +94 g exp [— B VB + 4] 1.78
10z, ¥ B)= Sﬂ AT K(By) S e d; (1.78)
By replacing the variables
B4yt =l - tdt = udu |

we bring the integral (1.78) to the form|

o 1 p) = § A —w;i;i)""’du,'
Yarfp ‘

(1.79)

whence, by expanding the integrand in Equation (1.79) in a binomial

series and then integrating, we obtain

. S@Er—Unf ¥ e —
Tin i) = 350 () B BV (—~1)n=1.l (1.80)
A similar series can be obtalned also for 8?1/88. In particular,
for x = 0, from Eguation {(1.80) we obtain an expansion of the

McDonald function in a series of exponential integral functions
> (@ —DI .
K@) =3 &= g, ). ‘ (1.81)

2!

n=0

From Equation (1.80) we can also find a lower estimate for the function|
le
lFl(xa I B)>EI(BV'T'2+92)- { (1.82)
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Since the series (1.80) converges slowly for large y or small x,
it 1s more convenient to use another expression, obtained from
Equation (1.78) to determine ?l (x, y3 B) in such cases:

v, (m ¥ B) = Ky (By) — 2(.%-—1)” y S

2"l
i (1.83)
I-Ennu(ﬂy) (xa+ya) Em+1(£31/m“+y )]
We note finally a symmetry property of the function /

¥, (2, 4; B) = Wa (&, —u; B)- |

|

Later on we will consider only the special case of the functions

(x, y3 B) for B = 1, retaining the previous notation ?n (x, ¥).

Formulas (1.80), (1.83) for Wl (x, y) and the recurrent
relations (1.75) enable us to tabulate Tn for any n.

7.3._ Some Results of Calculations

From the above properties of the function ?n, we can make some
qualitative investigations of solutions of the radiative transfer
equation above a nonuniform surface. Since Tn = 0 for all n # 0
for t = 1% in Equation (1.63), then F+ at the upper boundary of the
atmosphere 1 = 1% will be close to some average flux. As regards
the intenslty of radiation I+, to determine its value as 7 + t%
we need to sum the series (1.62), each term of which becomes in-
finitely oscillatory at the top boundary of the atmosphere, for
all 6 # 0 or ¢ # 0.

To illustrate numerical evaluations of the effect of non-
uniformity of the underlying surface, the characteristics were
calculated for a radiation field of an atmosphere uniform in height]
[861. In this case| a(v) = a b(r) =4/, and we replace the
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argument of the type (l/gy) In (1 — v/t*) in all the above formulas by
linear expressions of the type (* — 1)/ey . The variations of the
albedo of the underlying surface are described in [86] by the
eXpregsion

AE) =g + g sing, (1.84)

wWhere 2 and q, are constants; dp + dq 1 Qg = Q7 2 0. The
calculations were performed for ag = 0.1; 1 and 10, which corres-
ponds, for the usually assumed order of magnitude of the scattering
coefficient ¢ = 0.1 km_l, to uniformity scales| L = 1.10

and 11 km. Examples of solutions of the integral equations]

(1.60) for n = 1 and 2 and ag = 0.1 and 10, given in [86] for

t# = 0.3, are evidence that the scale L plays a substantial role

in smoothing out horizontal nonuniformities. For example, the
functions G1 (t) and G2 (1} which describe the decrease with T of
the first and second harmonics in series of type (1.62)] and (1.63),.
are reduced in the interval 0 € 1 £ 0.3 by a factor of 20 for

L =1 km, and by less than a factor of 2 for L = 100 km.

A very clear illustration of smoothing cof the features of the
underlying surface is the behavior of the albedo of the surface-
atmosphere system with height (Figure 1.32) for the case Qg = 0.5,
qq = 0.3 (this corresponds to variation of the surface albedo from
0.2 to 0.8 with a mean value A = 0.5).

Similar results are obtalned also for other integral characteris-
tics of the radiation field (direction integrals). The intensity
of the ascending radiation will be determined mainly by the value
of the albedo of the section of underlying surface intersected by
the line of sight of an observer located at the given height
in the direction (8, ¥). The contribution to I' of radiation
reflected by adjoining sections of the surface and scattered by
the comparatively transparent atmosphere considered in [86] is
as high as 15%.
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i Similar estimates for IV
Qﬁ?— show that this contribution does
‘f not exceed 3-4%. Therefore, in
aqr2 calculations of the characteristics
- of the Earth's radiagtion fleld
el above a nonuniform underlying sur- 1§g
42 .43w4,m$, face, we can neglect deviations

Figure 1,32 Variations of of the surface albedo from its

A (&£, 1) with height for mean value in evaluating I¥. This
1% = 0.3, a, = 0.1, ¢, = 60° . . .
0 0 concluslon is very Ilmportant in
simplifying methods of allowing
for irregularities of the underlying surface in radiative transfer

problems.

If we assume that we know the intensity of incident radiation
for an average value of albedo A of a nonuniform underlying surface,

we can use a Fourier transformation* to solve Equations (1.52) —-

(1.55)

oo
I(moi09)={ I(, 506, ) eeray; (1.85)
o e |
G(x, 0) = 5 G(, Eyel=2dE. (1.86)

—

Here 1t is assumed that the functions A (&) allow the Fourier

transformation

+
A(w) = S A(g)eimzdg,‘ (1.87)

—0

¥ We recall that we considered the two-dimensional forms of the
equations for reasocon of simplicity.
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In this case, as was shown in [87], the solution of the trasnfer
Equation (1.52) reduces to solutions of Equations (1.58), (1.59),
and the integral equations

T

Py (T, ©) = [, (1,.0) + -—;—-S Ty ['_1.' —t, —:f—(r — t)] Py (8, o) dt

0

(1.88)

for the Fourier forms 9 (1, )| of several universal funetions.

Reference [87] obtained an effective solution for this
problem for the frequently encountered case of a step function
A (£), when two uniform underlying surfaces with different refleoc—
tances have a sharp line of demarcation (e.g., land and sea). We
assume that

Aet, oo 0,
S| .

A(ﬁ) : {Aze—eE’ ’ 0<§<00,

and that the intensity of the incident radiation is given as

follows:
cu i e o
T, £ 6) = {Il‘(r, B) e, 00 0, ’ (1.90)
¥ If (1, B) e, 0<E< 0, |
where IY, I¥ are the intensities of incident radiation obtained in

1° ~2
each hemisphere for the corresponding values of the albedo A. and

1
%
A2 .  Then

As— A
sl (1.91)

= A A .
Ao, &) = e(w;,:aza) + iw

An approximate solution of the transfer equation (1.52) for

the case considered A (£), obtalned in [87], allows us to express
the | source function G (t, €) in terms of solutions of the one- /6

——

diméhSiBhalﬂ transfer equation in each semi-plane KA and KA
1 2

¥ We note that the method considered does not require A (&) to be
given, nor n(, §6) at the point £ = 0 where these parameters have a
discontinuity. A small enough positive value of ¢ is intrecduced to
allow the Fourier transformation to be performed.
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Figure 1.33. Comparison of the

functions G (t, &) for g = 0.2,
gz = 0.8, ag = 1, ¥ = 0.3,
o = 60°

1-4- 1 = 0; 0.02; 0,16 and 0.30,
respectively

arcctg 5 (,O sZarcetg -%- < n) .

KA' (T) =K,y ()

Glv, &) = Ka,(x)— (1.92)

Figure 1.33 shows results of calculation of G {1, &), based on
exact solutions of Equation (1.88) {(broken lines) and according to
Equation (1.92) (solid lines) at various heights 1. It is easy to
see that only at the level of the underlying surface (t = 0) do
the exact and approximate solutions differ appreciably, and that
G (1, &) has a discontinuity at £ = 0. With increase of T the
variations of the function G (1, £) are smoothed out, and it

becomes close to G (1, £).

Using the Fourier form of the function G:

Ky, (1) — K s, (5)
' i1

G(x, 0) = Ka, (1)8 (w) (1 —eiel] |

as a first approximation, we can determine the following approxi-
mations for G (r, £) and other characteristics of the radiation
field. 1In particular, we can evaluate the brightness of the sky
near the boundary of the underlying surfaces and approach this
strip from both sides of £ = 0, within whlch one cannot neglect

the jump in the albedo (in [87] the dependence of this kind of
strip on the angle 6 was given). Outside this strip the character-
istics of the radiation field follow an asymptotic approach to the
limiting values, equal to the respective characteristiecs of the

uniform radiation field for A, or A2.

1

Finally, we point out that this method can be extended without
difficulty in principle to the three-dimensional case, when

A=A (£, n). Using a double Fourler transformation of the form
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400 400

T, g, 005 0,9) = § § 71 & 3.0 9) exp [— i Box + noa)] dean;

—00 -0

[+m 400

G(r, o, ony= § \ G.v & myexp [~ i(oe +no dbdn, /

we obtain equations for determining f* and é. For example, for
an atmosphere uniform with height
G5, 05 0n) = A (02, @) ¥s (1, 0) o £(0) 80, 0a) +

(1.93)

2 60 ey 0 T [r s, Txplat,
[ ’ ’ - .

where
p=V ol Lol | (1.94)

The solution of Equatlon (1.93) can be represented, as before, in /64
the form of a superposition of universal functions, dependent on
the two wave numbers wc and wn.

§ B, Allowance for Sphericity of the Earth

Te investigate the field of solar radiation reflected by the
Earth as a planet to outer space for large angles 7p and 9, we

need to consider a spherical model of the atmosphere.

The intensity of radlation I (r, @b.l5 8, y) scattered by a
spherical medium at each polnt P (1, ¢b_l) wilth coordinates r
(distance from the sphere center), ¢, A (latitude and longltude)
in a dilrection described by angles 6 and ¢y, is given by the

following transfer equation:

{cos 8 cos ¢ +- sin Bsin g cos (A — V)] g—: —f—l

1 : . . H

+ —-[cos Bcos @ — sin 6 sin @ cos (A — )] g?— " )
infsin (b — a7 .

— e =~ B R W e (e k6, ) =

AT

=+ MSI (ry @ A 00 1 (7, @, 43 0, ; 6, §) do’,
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Here it 1s assumed that the scattering coefficient G and the
absorption coefficient o depend on all three coordinates and that
the self-radiation of the medlum can be neglected. The boundary
conditions remain the same as for the plane problem (see § 1). If
we assume that ¢ and o depend only on r and that the underlying
surface is uniform, then Equation (1.95) can be made symmetrical
with respect to the radius vector joining the center of the Earth
to the Sun. In this coordinate system Equation (1.95) takes

the form

r FERL r ag r ‘ ap
= — 1) + 0 (N T+ 51910, 9) 7 (r, 958,50, ).

cose-g-f-—
{1.96)

We retain the previous notation for coordinates of the point P
and the ray direction, since we can then consider any section of

the sphere.

References [89-91] described approximate methods for solving
Equation (1.96), in which the intensity of radliation I was replaced
by the value J averaged over all directions, and they consldered
special cases of solving this equation for constant and exponentially

diminishing absorption coefficients.

Reference [92] considered a method of solving Equation (1.95)
by successive approximatlions, where the zero order approximation
was the solution of the fransfer equation for a plane-parallel
model of the atmosphere. In this approach the coordinate system
is transformed so that the radius passing through the center of the
Earth and the‘point P colncldes with the local zenith. Then the
position of P will be determined, as in the plane model, by the
height above the surface of the Earth, while the displacement of
P can be expressed in terms of the zenith distance g3 and the solar
azimuth 1Ye. The direction of the rays will alsc be determined by
the zenith azimuthal angles ¢ and 6. It is easy to show that
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Equation (1.95) takes the form

sing ar sin f}sm Lo
cosg S 00 Jr o STk
X[.cww@—& M cos Losin (e, — 8T 57 - ]
sinfo 9k sin®lo . 89y —0)

= —[5() + & ()11 (r, &, 8 Loy o) + “""Sf(r ¥, 8) x
X v (r, & 6; ¥, 6% do’ 'f“"“—[“(r)-l-m P)IT(hﬂ' 8; Cor Vo) X

X exp{— S[s(h)+a(h)1dh} N /

(1.97)

Further simplification of Equation (1.97) is achieved by considering /65|
the molecular scattering atmosphere (o = 0, o = const), for which
the air mass mf%50==§PM)%0QKMdhiand the optlical thickness T = om -

(z, 7o) can be expressed in terms of the so-called Chapman function
Ch (r/H, go) and the height of the homogeneous atmosphere H. In this
case Equation (1.97) takes the form

af H
— oS ﬁ + e

[ cos (Y —8) a7 cos §u sin (g, -—8) ar :I _
o Ty iy i sin® Lo Tlhg =8 1] =

{ m'{} -4ﬁ gindsing, X

, (1.98)
= =1+ Iydo’ -+ 22 (8, 8; Lo o) exp[ — TCh (?} Lco)]-\

We can use Equation (1.98) to obtaln qualitative estimates of the
curvature of the atmosphere, described by the term in curved
brackets*. Quantitatively, the effect of the curvature 1s deter-
mined by the parameter H/r, in terms of which the solution of

Equation (1.98) was given in [921]:

. o H n s
[(1;', &, 6; Cu, 'li?@): 2 (—r-) In('lf, &, 6, gm ‘pO). (1.99)
n=fj
The functions In are successlve approximations to the soclution, and
IO is a solution of the transfer equation in the plane-parallel

atmosphere.

# The effect of temperature inecreases with decrease of T and with
increase of gy or ¢. When @ and Zp = 0 the effect of curvature
is vanishingly small.
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The convergence of the series (1.99) and the behavior of thej
solutlons under different conditions, especially for large 9| and
Lo, and also in the terminator region, was not examined in [92].
Also, no effective solution of the spherical problem was given,
although, as was shown 1n the monograph [B.12], some calculations
and evaluations of the brightness distribution over the Earth's
disk were obtained later in [93]. The approximate methods con-
sidered 1n [90-92] were not accompanied by an estimate of the error,
which can be small even in conditions where the curvature of the
atmosphere is important. In addition, these simplified methods
require quite laborious calculations, even for relatively simple
atmospheric models. Therefore, rigorous sclutions are needed for
the transfer equation for radiation in a spherical atmosphere whose

optical parameters correspond to the actual conditions.

Solutions like these were obtained recently by Marchuk et al.
[94, 95] using a Monte Carlo method, which allows the process of
photon transport in a furbid medium to be modeled with gquite low

statistical error (the calculations were done on a BESM-6 computer).

To illustrate the possibilities of the method, reference [95]
obtained angular distributions of the brightness of the twllight
light above the Earth's surface for the model atmosphere constructed
by Rozenberg et al. [96] from observations of space twilight on the iéé
space vehicle Vostok 6.

Comprehenslive computer calculations of the brightness of the
spherical Earth were performed in [79, 97] from numerical solutions
of the radiative transfer function in a scattering, absorbing,
and radiating atmosphere with quite broad assumptions as to the
spatial distribution of optical and physical parameters cof the
atmosphere and of the clouds, governing the brightness field. These

calculations used a finite-difference method for integrating the
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transfer equation, embodying characteristics of the equation to
insure stability of the computational algorithms, permitting investi-
gation of the loecal structure of the solution of the transfer
equation, and given high accuracy, in spifte of the complexity of

the atmospheric model.
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CHAPTER 2
THE EARTH'S SELF RADIATION

§ 1. Generation of Self-Radlation in the Atmosphere

1.1._ Basic Processes in Formation of Thermal Radiation

The solar radiation absorbed by the Earth's surface and
atmosphere is an energy source which feeds thermal and dynamic
processes on the Earth. The distrlibutions of temperature,
humidity, and cloudsiresulting from these processes mainly deter-
mine the self-emission of the Earth and its varlation.

The underlying surface, and every volume element of the
atmosphere, having a given temperature, are sources of thermal
radiation, which, for ground temperatures of 200 - 320° K, is
concentrated in the spectral range 3 - 5 pm, with a maximum

energy in the range 8 - 15 um.

The emission of the underlying surface is determined not

only by its temperature T but also by the emittance §, which

O’

depends on the type of structure, the moisture content, and other

-
O
3

|

characteristiecs of the underlying surface, as well as on freguency.

This emission is entirely or partially absorbed (depending on v)

in the atmosphere by water vapor, carbon dioxide, ozone, and

other substances, while the part not absorbed goes to outer space.

The thermal radiation absorbed in the atmoapheric layer up

to 70 km is reradiated in accordance with the conditlons of local

thermodynamic equilibrium, following Kirchhoff's law: the ratio
of the emission coefficient Ny, to the absorption coefficient av
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depends only on the temperature of a radiating gas T(z) at level
7

",

o, = BT @),

10 cm/sec

where‘BV[T(QI::ZMwW@MMT——i)‘is the Planck function, ¢ = 3-10
15 the speed of light; h = 6.62:107°! erg/sec 1s the Planck
constant; and k = 1.38-10_16

Therefore, each volume element of the atmosphere emits radiation

erg/deg 1s the Boltzmann constant.

ol a certain frequency in all directions, depending on the tempera-
ture of the element, the concentration of absorbing substances,
the total and'partial pressure, and also on parameters describing

the fine structure of absorption bands.

The radiation from the atmosphere and the underlying surface
is absorbed by lower-lying layers of the atmosphere or clouds.
Here rather dense clouds, which practically completely absorb the
thermal radiatiocn, can be considered as an underlylng surface
inferposed above the ground surface and radiating independently
of the radiaticon ceonditions in the sub-cloud atmospheric layer.
Only in particular parts of the spectrum, where absorption is
not as great, need one take into account scattering of thermal
radiation by cloud particles (see [B.T7]). However, the Earth
loses only part of the atmospheric emission. The other part is
radiated backwards to the underlying surface, which may partially
reflect it back. The reflected radlatilon undergoes the same
changes on 1ts way to the upper boundary as the self-emission

from the surface dces.

The result of these phenomencloglical processes generating
thermal radiation is a field of Earth self-emission (in meteoro- ééﬁ
logy this radiation is called "long-wave," to distinguish it
from the "short-wave" solar radiation reflected by the Earth,

and considered in Chapter 1).
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The presently existing data from experimental and theoretlcal
investigations of the field of self-radiation indicate that it has
a rather complex vertical, spatial, and angular structure, due
mainly to the spatial variations of fields of temperature, humidity,
and c¢louds. The spectral structure of the field, which 1s due to
selective absorption of radiation by atmospherlc gases, 1s also

complex.

The present chapter gives a brief survey and analysis of some
of the results of investigations of the Earth's self-radiation
field, which investigatlons are important for aspects of optical
probing aimed at exploring possibilities of gleaning data from
approprilate measurements on the physical parameters of the atmos-
phere which play an important part in forming the radiation fleld.
We also conslder questions of transformations of radiant energy
in the atmosphere, accounting for horizontal nonuniformities in
the fields of underlying surface temperature or cloud, and present
some results from investigations of the long-wave radiation field

for the spherically symmetrical atmospheric model.

In accordance with the above mechanism for forming thermal
radiation, we can put o =0;f" = «.B [T (&); % = 8.B,(Ty);
R,=1—86,; a8, =0 in Equations (1.1) - (1.4). Then, using the
relation dp = —pgdzl, We obfaln the following equations for deter-
mining the intensity of ascending I](p, 8)and descending i} (p, ®)radi-
ation at the level p:

o/l 1 W
cosea—pso‘.u(p){!\.(p, 9)——Bv[T(P)1};| (2.1)

art . ! :
—co_s@a—P-=c.u(P){fv (p, 0) — B, [T (p)1}. {(2.2)
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Here the boundary conditions will have the form
I (p0,0) = 8.B,(Ty) + (1 — 8) S I} (po, ) cos 0 do; J‘ (2.3)
7 (0, 8) = 0. (2.4)

If we assume that at freguency v the radiation 1s absorbed by n
substances of relative concentration qi(p) and mass absorption
coefficient £(p),* then the volume absorption coefficient can be

represented in the form

o (p) = Z K (5) s (0). \ (2.5)

i=1

Introducing the variable 7 = p/p, (p, 1s standard pressure) and
0 0

the characteristic scales for concentration of absorbing substances

¢’ = ¢ (p)p we obtain a solution for Equations (2.1) - (2.4): /6

1
1, 8) =88, (To)exp [— sec B E wi) \ k(')(t) 7: (£) dt]
i=1 4
1

—\ [T. )= {exp[— sec 0 3w \ AV (u) () d”]}

o

i=1 -t

| 3 — (2.6)
S —2( ;a Jexp [ seod 2 w“’_I k“’(:) @ (0) dz] x\ ‘
| x; B, (1'(0)] 5 {Es [g wi Skﬁz(u)q(u) du]} at | /

A8 = SBUIT(I)]%{MD[—SBGG > wf S £ () g () du]} . l (2.7)

Here m9==pMﬁVgJis the mass of the 1L2 absorbing substance in a

uniform atmosphere at standard pressure and temperature.

Because of the complex spectral behavior of 4% , we usually
consider the average intensity over a range Av
(1)

p, but also on the air temperature T(p), and on the concentration
of material, although this dependence can be neglected for the
probliems considered in this book.

# Ipn fact, the coefficients kv depend not only on the pressure
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~ R B
IA\!:FASIVdvsj (2-8)

for which we introduce the transmission function

Y t
Pyg, 1, 6) =\ exp[—se0 0 3 w0l { k¥ () 01w au] av

av i=1 o

(2.9)

Assuming that 6v is independent of v within the range Av, we
obtain, from Egquations (2.6) and (2.7):

N ! aP (L, t, 0 :
7@ 0) = 8.5.(T) P (L, &, B)—S BT ()] —”(grt"—)‘“ - (2.10)
; ,
. N 1 2
—2(1-8)P,(1, ¢, B)SBv [T {1)] Ep“(;ialt;
7
L
B s oP,(t, £, B)
R = Bire 28 g (2.11)
1
Here 1
Ev :-—A-;— S B\.d'\?;
' Av
1 @ \
L (L, Q 8) = WSGXP[_SBGGE ‘)Skﬂ Qi(“)d”] ‘ (2.12)
Ay Ti=) [

% By [ i wh S £ () g; () du] dv.

i==1 t 4
We shall keep the subsecript v for the average values, corresponding,
for example, to the center of the interval Av (we shall omit the
subsceript in what follows). Thus, the basic question in calcula-
ting characteristics of the Earth's self-radlatlon is how relilable

is our description of the selective emission of atmospherlc gases.
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§ 2. Transmission Functions for the Atmosphere

As was true for the short-wave region of the spectrum (see /70
§ 2 of Chapter 1), in describing the selective absorption of
thermal radiation by triatomic gases (water vapor, carbon dioxide,
and ozone), whose absorption bands consist of a large number of
overlapping lines, we use transmission functions obtained by
experiment or calculation from idealized band models (the Elsasser
model, which represents the transmission functlon analytically by
Equation (1.14) or (1.16), the CGood [B.8] statistical band
model, or the guasi-statistical model of Planck, Equations (1.16),
(1.17). We also use a number of empirical expressions for the
transmission functions, e.g., Eguations (1.18) - (1.21). All the
arguments put forward in § 2, Chapter 1 with respect to the
applicabllity of the empirical or theoretical formulas|for P\J in
the real atmospheric conditions apply equally to the thermal
region of the spectrum. However, since the spectra of the
atmospheric self-radiation will be used to solve some 1lnverse
problems which require maximum possible similarity between the
atmospheric transmission characteristics used and the real values,
we wlll consider in more detall the exlsting data on transmission

functions of atmospheriec gases in the chosen spectral ranges.

In the region 3 - 50 um water vapor has a strong rotation-
vibration band at 6.3 um, and a series of rotational bands in the
long-wave region beyond 25 um. In thls range, there are so-called
transparent windows in the ranges 8 - 12 and 16 - 24 ym, in which,
however, there are a number of weak bands, and appreclable diffuse
absorption of radiation by the atmosphere is observed. The nature
of this absorption has not finally been explained: it is suggested
that absorption in the windows is due elther to aerosocls, or to
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strong absorption bands of water
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25 | vapor and carbon dioxide (the

;ﬁ ' latter hypothesis is preferred).
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g | Detalled laboratory measure-
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of water vapor for rather wide

i range of variation of the total
, and partlal pressures were per-
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1 1 ]

e 1
277 T 457 gzyq i formed in [1.20 - 1.23]. Examples

of these measurements are given
Figure 2.1. Comparison cf
experimental and calculated
transmission funections in HEO absorption band at 6.3 um.
the 6.3 um HZO band

1- experiment [18]; 2- calcu- . R
lation [16]; 3- calculation A comparison of experimental /71

using Equation (1.16); a- transmission funetions in [1.22]
%e;pgggmzﬁt?§,pw=_7360;; ;g, with the calculations of Plass,

wl = 0.1 em (calculation; b- et al. [1.16], and also with the
p =773 mm Hg, w = 0.0018 cm
(experiment); p = 760 mm Hg,
w = 0.002 em (calculation) (1.16) with the generalized asbsorp-

in Figures 2.1 and 2.2 for the

calculations of Pv using Equation

tion coefficients Zv’ obtained by
Yamamoto [1], shows (Figure 2.1) that the Plass and Elsasser
6.3 um band models do not satisfactorily approximate the transﬁ
mission functions. One reason for this divergence may be the
different spectral averaging (in the experimental curves the
spectral resolution is 6 cm_l, and in the calculations of [1.16]

1

it is 20 em —, while the coefficients Zv are obtained with an

averaging interval of Av = 25 cm_l). We note that Equation (1.16)
gives roughly the same approximaticn to the experimental data,

as the more "exact" Plass quasi-statistical model [1.16].

115%



45
4
4,
Ty T L
7ar 100 7000 2000 v,oH

Figure 2.2. Approximations for the experimental transmission
funetion in the 6.3 um 320 band [18] (so0lid curves), and

Equation (1.20) (broken lines)
l1- p = 34 mm Hg, w = 0.004 ¢cm; 2-p = 810 mm Hg, w = 0.01 cm.

A substantially better approximation for the spectral behavior
of the transmission functions at 6.3 um, as can be seen from
Figure 2.2, is obtained by the empirical formulas of type (1.20),
whose parameters were obtained in [1.20, 1.23] (for some bands
these parameters are given in Table 1.2).

However, £o use these formulas under actual conditions
requires detailed comparison of refined laboratory measurements
with measurements of radiative absorption in a multi-component
and homegenecus medium like the atmosphere. No detailed compari-
sons have been made as yet. Calculation of the vertical behavior
of pressure, temperature and humidify in the atmosphere, using
the effective values of pressure and water vapor mass proposed 1n
[1.20, 1.23] for transmission functions of the type (1.20), is
not well-founded, as yet. An exception is the rotational bands
of water vapor in the region 20 - 50 um, for which Kondrat'yev,
et al. [2] made a series of calculations of transmission functions,
and showed that an approximate allowance for atmospheric non-
uniformity, using an effective mass or an effective pressureAgives
gulte acceptable accuracy for some atmospheric radiative transfer

prcblems.
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The spectral measurements made up till now of transmission
functions for thermal radiation through water vapor in natural
ground layer paths (see, e.g., [1.24, 3]), and also in balloon
probing of transmisslon of sclar radiaticon by the atmosphere in
the 6.3 um band [4] are haphazard in nature. And since no com-
rarisons have been made between laboratory and natural transmis-—
sion spectra, the latter have only an illustrative significance

as regards thelr use 1n transfer theory.

At present transmission functions are being calculated
directly with the help of fast computers (these caleulations are
based on some idealized structures of bands, e.g., an assumption
of line shape). Besides the HEO 2.7 um bands [1.26] mentioned in
§ 2 of Chapfter 1, we should mention the results of computer
calculations of transmission functions in particular ranges of
the H,O0 rotational bands (18 - 25 pm), which were obtained in

2
[5]. However, there are no such calculations of transmission /72

functions for the very complicated water vapor band at 6.3 um,
malnly because the structure of this band has not yet been studied
and all the required molecular constants have not been determined.
Taking into account the quite satisfactory approximations to
transmission functions by formulas of type (1.20), we will use

these in a number of calculations below, including solution of

the inverse problem of determining the vertical humidity profile
from satellite measurements of the Earth's self-radiation in the

£.3 um E,0 band (see Chapter 7). To explain the method of solu-
tion of the direct and inverse problems, we will also use trans-
mission functlons of the form (1.16) with generalized Yamamoto

ZYa coefficients [1.6] (Table 2,1). For comparison, the table

also shows ZE, calculated by Elsasser [7] with somewhat larger
frequency averaging (Av = 40 cm"l). The appreciable discrepancies
between Z_ and 1 5 are probably due to the different initial trans-

E Y
mission functions {(or the masses of absorbing material) for which
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TABLE 2.1%

v, et ZE s et ! v, cm—? ZIYa_:F"‘_l v, em—t z'E o C0! Vv, cm—t Z‘Y& 3}"“‘_3
2080 0,110 2087,5 0,024 760 0,004 | 704 0,140
2040 0,257 2062,5 0,050 720 0,042 | 735,5 0,185
2037,5 0,085 _ 712,5 0,225
2000 0,617 2012,5 0,17 680 0,037 B87,5 0,305
1260 1,38 1987,5 | 0,26 G40 0,107 662,5 0,40
1962,5 0,43 37,5 0,54
1920 3,16 | 1937,5 0,70 600 0,282 | 12,5 0,74
1912,5 1,12 560 " 0,702 § 587,56 1,15
1880 8,13 1862,5 2,8 562,5 1,60
: 1887,5 1,8 . 520 1,70 537,5 2,25
1840 . | 24,0 1837,5 5.0 512.5 3,3
1800 72,4 1812,5 9.3 480. 3,98 487,5 5,0
1760 | 147.9 1787,5 18,0 40 7 8.9 462,5 7.5
1762,5 36,0 437.5 12
4720 | 195,0 1737.,5 70 400 19,95 422.5 18
- 1712,5 | 155 360 40,7 387.5 30
1680 | 120,2 1687,5 | 245 362,5 52
1640 |- 36,3 1662,5 | 270 320 9,2 337,5 a6
1637,5 | 243 : 32,5 170
1600 30,90 1612,5 | 145 280 169,8 287,5 260
1560 | 102,3 1597,5 55 240 281,8 262,5 400
1562,5 | 160 237,5 600
1520 | 288,4 1537,5 _| 410 200 | 407,4 212,5 700
. 1512,5 | 450 ©187.5 1100
1480 | 442,2 1487,5 | 270 160 | 4898 162.5 1230
1440 43,6 1462,5 .| 130 120 467,7 137.5 1250
1437,5 78 ~ : 112.5 1200
1400 18,6 1412,5 48, - 80 295,14 87.5 970
: 1387,5 13 40 109,6 62,5 | 650
1360 7,08 1362,5 | 10 37,5 330
1320 2,24 1334,5 4,4 40, 12,6 12,5 ©oq2
1312,5 1,9 ’
1280 0,550 1287,5 0,95

¥ Translator's note: Commas in numbers represent decimal points.

ZY were calculated. We prefer to use Yamamoto's data [1, 6],
since they were improved ]by the authors of [1] using measure-
ments of transmission functions in the 6.3 um band, and have
proved to agree well with the data of Palmer [3] for the HEO
rotational band.
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Finally, we note the universal calculations of monochromatic /73
water vapor absorption coefficients performed by Zhevakin, et al.
[8] for the spectral range 8 um - 2 c¢m, which includes a trans-
mission window at 8 -~ 12 pm and a CO, band at!i5 um.

2.2._ The 8 - 12 um Transmission Wirdow

Spectral measurements of transmission in the 8 - 12 um window
show that the atmosphere absorbs appreciably and emits radiation
in this region of the spectrum. In fact, it can be seen from
Figure 2.3 that there are a number of relatively weak lines
(mainly H2
regards the true transmisslion windows quite dévold 'of lines, they

¢ and COE), and also the strong 9.6 um ozone band. As

occupy rather narrow spectral ranges (they are denoted by the
numbers 1 - 13 in the figure).

b L 1 1 1 L el A

Vg I 4 A7 A, um

Figure 2.3. Speectral distribution of solar radiation in the
transparent "windows", after [11])

References [9 - 15] obtained experimental data on the
transmission of solar radiation by the atmosphere in the 8§ - 12
um region, which is evidence that appreciable and variable
attenuation of radiation is observed in the windows. From these

meagurements, the selective absorption and continuum attenuation
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of the radiation could be separated, which is not difficult when

the spectral resoclution 1s high enough.

A more complex problem 1s that of determining the contribution
of substances responsible for continuum attenuation in the windows.
It is well known (see, e.g., [9]), that there are two hypotheses
regarding this matter: according to one hypofthesis, the continuum
attenuation 1n the windows is determined mainly by absorption of
radiation in the wings of the strong water vapor bands located 1n
the far IR; according to the other hypothesis, it is due to the

aerosol component.

References [10 = 147 adopted the followlng procedure in
separating the contributions of H20 vapor and aerosols. From
direct measurements of the intensity of solar radiation Iv (m),
for different air masses m in clear and stable weather throughout

the entire measurement, "Bouguer'" lines were constructed
Inf,=1n 1) —tm,

where J¢! is a constant obtailned by extrapolating measured values

of 1n Iv tom= 0; t is the optical depth of the vertical atmos-
pheric layer (for absolute measurements Il is the solar radiation
outside the atmosphere, and for relative measurements it also /74
describes the consftancy of the parameters of the measuring

egquipment andé allows us to evaluate the measurement errors under

stable weather conditions).

Experimental values of 1, determined for stable daytime
conditions, together with the masses of water vapor in the vertical
column of the atmosphere w, which are constant during the day,

are approXximated by linear functions

T (W) = ko w + Ty,

(2.13)
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where k. is the coefficient of absorption of radiation by water

0
vapor, 1, is the opftical depth of the dry atmosphere, including

0
aerosols or other gaseous substances not asscclated with water

vapor,

If we make no stluplations regarding the nature and origin
of aerocsols, it autcematically follows from this approximation,
because of [11 -~ 14], that the continuum attenuation in the 8 - 12
pm windows is determined mainly by absorption in the wings of
strong water vapor bands, since w in these papers is the total

mass of H,O vapor in the vertical atmospheric column, measured

by radiosgnde | or optical hygrometers. The values of ko then

measured differ by approxzimately a factor of two.¥
The characteristics of the residual absorption Tg in [11 -

147 turned out negative for several transparent windows in the

range A > 11 pm (Figure 2.4 a), which the authors 1n question

think can be explained by the nonlinear dependence of T on w. /75

Ls was pointed out in [14], a confirmation of this hypothesis

is the nonlinear dependence of t on w obtained in laboratory

measurements [16] at large partial pressures of water vapor in

a flask. | The authors of [12, 13] who obtained Ty > O with

the linear approximation of type (2.13) for their measurements

in 21l the windows, believe that negative values of Ty in [11]

arise from errors of measurement.®¥

¥ Tn some references (e.g., [11]), the effective masses of water
VapoTr W, defined by Equation (1.17) with k¥ = 1 are used in lieu

of w in Equation (2.13). This leads to an increase of kO in

Equation (2.13) of 20 - 30%, which one should bear in mind when
comparing data of [117 with that of [12 - 1U4], where no exact
mention was made of what w was used in approximations of the type

(2.13).

¥% Tt should be noted that in [13], besides the graphical approxi-
mations of type [2.13), which are also reproduced in [12] for the
same windows, a table 1s given showing scatter in values of T,
observed in [13] for the different ranges of w. However, this scat-
ter is not taken into account in [12, 13] in constructing the
straight lines [13], which makes it difficult to compare the

appropriate results of [12, 131 with data from other references.
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Figure 2.4. Approximations of Equation (2.13) for the experi-
mental values of T

a- in [11]; b= in [15]; the broken lines show approximations
for the minimum value of T; the wavelength A 1s 1n um

Without going into a detalled discussion of the correctness
of the linear approximation in (2.13), we note that if it were
valid, then the values of Ty obtained correspond in essence to a
dry aerosol atmosphere, for which the attenuatlon in nondusty
atmospheric conditions can be considered quite small, or corres-|
pond]to substances not associated with water vapor. But in humicd
atmospheric conditions, a substantial contributor to the attenu-

ation can be liguid or solid water particles whose concentration
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and size can be closely correlated with the water vapor. There
is no basis for considering that the tendency for 1 to decrease
with increase of w, as observed experimentally [11, 147, is
evidence of the dominant role of water vapor in the continuum
attenuation. In addition, the existence of situations where
water vapor is found to be highly correlated with drops or crys-
talline moisture can fully explain the above large differences

in the values of k. and the negative values of Tgo if these

0
parameters were obtained by the approximation of (2.13) to the

experimental data.

In fact, the observed scatter in [11l, 14] goes beyond the
limits of measurement and reflects actual variations in the
optical depths. In particular, as can be seen from Figure 2.4,
the values of 1 can differ by a Tactor of 2 - 3 for the same
values of w, and consequently, in the framework of a monotonic
dependence of Tt on w, which in fact was looked for in [11 -~ 14],
this scatter is due to other factors (very likely it corresponds
to conditions for which a different law holds between the mass of
water vapor and the concentratlons for the size range of particles
of aqueous origin). The formal approximation to the experimental
data by Expression (2.13), performed, for example, by the method
of least squares, can lead (and in fact does) also to negative

T, and to overestimated values of ko, especially for large

sgatter of T in a comparatively narrow range of variaticn of w,

in particular in the absence of measurements for low w. There-
fore, the negative values of T obtained in [11, 14] do not
constitute, in our opinion, sufficient basis for a conclusion that
the dependence of T on w is linear, nor for any other physical
conclusions. Also, the reasons for an overestimate of ko in the
straight-1line approximation are fully understood in the case of
large scatter in t: the presence of large values of 1, which are
not directly connected with the mass of water vapor, always leads

to an increase in the slope of the straight lines in [2.13]. In
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fact, as can be seen from Figure

2.4, it is enough to exclude large
T for fixed w in the range

| 1 <w < 2 cm, as the value of To)
hecomes positive, and the values

' of kO

| Figure 2.4 a). Hence, we deduce,

decrease (broken line in

| among other things, criteria for

’ chocosing the points 1, which we
! must approximate by the straight |
i lines of (2.13) to determine the

parameters ko which are closest

to the actual coefficients for

absorption of radiation by water

Figure 2.5. Comparison of vapor. The straight lines of
coefficients kD (a) and Ty

(b) of Eguation (2.13),
obtained in [113 (1), [12]
(2), [14] (3), ana [15] (4) necessarily small) values of w,

wilthin the range of scatter of

{(2.13) are drawn for minimum
values of 1 for different (and

the points, due to the actual errors in the experiment. This
approach was used in [15] in treating measurements of transmission
of IR solar radiation by the atmosphere, and of emission of an
artificial source in the ground layer of air. It can be seehn /76
from Figures 2.4 b and 2.5 b that the residual attenuation
remains positive in all the windows, while from Flgure 2.5 a,

it is seen that the coefficients ko have a minimum value and are
close to the values of ko obtained in [11] for an entirely trans-
parent atmosphere (the effective masses of water vapor W, were
used in Equation (2.13) in comparing these data). Here, one must
bear in mind that the realization of small values of T for large

w is a rare esvent, since under these conditions there is very
probably the closest relationship between the mass of water vapor
and the aerosol characteristics. Therefore, the coefficients kO
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obtained with this kind of approximation can turn out to be only
an upper limit on the actual values of coefficients for absorption

of IR radiation in the wings of the water vapor bands,

Conclusive proof that a close relation between vapor and
water particles can lead to an apparent dependence of radiation
attenuation on water vapor mass is given by results of measure-
ments of transmission in the ground layer of the atmosphere {path
lengths 1.4 km) for different windows in the UV, visible, and IR
spectral regions. As can be seen from Figure 2.6, the maximum
dependence of the attenuation coefficlent o on w appears in the
ranges A = 0.37 and 0.50 um, where water vapor absorption bands
are totally absent. This effect is apparently connected with the
increase in aerosol scattering with increase in w. There 1s an
appreciable dependence of ¢ on w also for A = 3.16 um, due to the
presence in this region of the strongest water vapor absorption
band. In the window at 3.9 um, where both the aerosol scattering
and the water vapor absorption are low, ¢ is practically indepen-
dent of w (the scatter in the points is also a minimum here).

But in the windows at 2.7 and 10 um the dependence of ¢ on w 1is
more distinct from the background scatter, since aerosol scatter-
ing is still noticeable in the first window, and absorption in

the second window.

We shall briefly discuss the nonlinear relation t(w) examined
in [11] as a basic cause of negative values of Tg- The non-—
linearity was attributed in [11] to self-broadening of the water
vapor lines and to a positive temperature dependence of the con-
tinuum absorption coefficients in the wings. However, recent
measurements of radiation transmission in the windows [17],
obtained by one of the authors of [11] under laboratory conditions,
showed a negative temperature gradient of absorption. For this
reason, doubt was expressed in [17] about the correctness of the

previous nonlinear behavior of t(w), given in [11], and 1t was
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Figure 2.6. Dependence of the atmospheric attenuation coefficient
in the different UV, visible, and IR spectral reglons (3 is in

um)

1- in the ground layer; 2- in a vertical column of the atmosphere,
reduced to a uniform atmosphere using the average humidity pro-
file. The vertical sections show the errors in measurement of
A (in um)

proposed to investlgate the effect of dimer molecules of water
vapor. The example given in [17] of nonlinear behavior of the
optical thickness in the window at 11.1 um with increase of the
partial pressure of water vapor in a vessel from 10 to 35 mbar,
is evidence that, for high humidity, the nonlinear effects can
play an important part in the variations of the continuum
absorption. However, the nature of these nonlinear effects is
not clear. In particular, one cannot exclude the possibllity
that they are associated with the formation of aqueous aerosols

in the vessel, as was shown in [18, 19].
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We note that the existence of nonlinear dependences of T on
the humidity characteristics by no means contradicts the above
linear approximation (2.13) for minimum values of 7, as long as
we are looking for an empirical relation dependence on only one
humidity parameter, w. But if we atfempt to explain the depen-
dence of T on other humidity characteristics, we must then have
a more general group of measurements of the variation of atmos-
pheric attenuation, before determining numerical characteristics

of an aeroscl responsible for these variations.

Thus, the interpretation of the above results of measure-
ments of attenuation of IR radiation in the transparent windows
of the atmosphere at 8 - 12 Lmlallowﬂconclusions to be drawn
regarding the predominant contribution to this attenuation of
aerosols of aqueous origin, even under pure and, presumably,

dust-free atmospheric conditions.

™~
(=]

2.3. g02 Transmission Functlon

Since the 15 um 002
sidered in Chapter 6, i.e., determining the vertical distribution

band is important for the problem con-

of the atmospheric temperature from satellite measurements of
Earth's radiation, we present rather detailed data on the strue-
ture of this band and on the transmission in its various sections,
obtained in [20 - 26]. As is known (see, e.g., [24]), the 15 um
002 band is made up of vibraticnal-rotational bands, corresponding
to vibrational transitions of the different isotopes of 002 in

the atmosphere. FEach of these bands includes two systems of P

and R branch lines, 1ying on both sides of the vibraticnal trans-

ition v and a system of R branch lines, concentrated near Vg

OJ
The intervals between the P and R branch lines are 1.485 - 1.70
cm_l, while the @ branch occupies a range of the order of 1 cm—l,

and so the distance between its lines is a hundred tfimes less
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(half of the intensity of the entire 15 um band falls in the
Q@ branch).

The intensities at the line centers were calculated by
Yamamoto, et al. [21], and also by Dreison, et al. [22].] The
latter reference determined these parameters for 7,000 lines,
including the @ branch lines, and for six values of temperature
in the range 175 - 300°K, and the range of variations of inten-
sity was 7 orders of magnitude. The centers and the intensities
of the strongest lines obtained in [21, 227 turned out Lo be
rather close, with certain exceptions. This encourages us to
hope that the transmission functions determined from calculated
characteristics of the band fine structure, which must be supple-
mented by data on the shape and half-width of the lines, are
representative. Usually atmospheric transmission functions are
calculated using a Lorentz line shape (1.15). But for the 15 um
CO2 band, even at pressures less than 100 mbar, one must take
account of Doppler broadening of the lines and calculate the

absorption coefficient using a mixed line shape (Voigt profile):

+ oo
C . koa e dr
O =

(2.14)

Here

ko = (Slyp) VI 2/m; a = (y/yn)VIn Z; o = [(v — vo)iypl YV In 2, |
?n==5ﬁ-ﬂrﬁcm_1 (at T = 240°K) 1s the Doppler half-width of the
lines; v i1s the Lorentz half-width, equal to 0.064 em™t at
standard pressure, and T| = 298° K, according to Kaplan, et al.
[26]. The integrals in (2.14) were calculated in [24, 27] for

a wide range of change of the basic parameters.
In more recent experimental investigations of the 15 um band

(see, e.g., [20]) and other CO, bands, it was observed that v

depends on the quantum number J, and varies in the range
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0.06 - 0.126 cm_l. By analyzing the results of these investiga-
tions, the authors of [25] suggested the use of the constant value
Yr, = 0.08 crn—l for the entire band, which gives an approximation
to the experimental transmission functions obtained in [28] for

a wide range of pressure and 802 mass, with practically the same
accuracy as for the variable value of 11, (Figure 2.7). The
exception is the high pressure case, in which Y, T 0.06 cm—1 is

a better approximation. The authors of [25] did not give a satis-
factory explanation for this discrepancy, but assumed | that it

is associated with experimental errors.¥*

We now consider some results of determining the transmission
functions in the 15 um 002 band. Yamamoto, et al. [21], using
a somewhat improved Elsasser model, calculated the 15 um band
transmission funetion with a spectral average equal fo the dis-
tance d = 1.7 cm—l between the strongest lines. For this series,
the transmission function was determined using Equation (1.14).
Reference [21] also calculated correlations for a second serles
of weaker lines, for which it was assumed that their centers were
located at the same distance d apart, as the centers of lines of

the first series, and at the same distance § from the latter.

As regards the transmission functlon in the Q branch, for
which the overlap with the P and R branches 1s calculated by

multiplying by the appropriate transmission functions, the calcu-

s
O

T~
o0
o

|

lation is performed by the formula proposed by Kaplan, et al. [26]:

Pq (v) = g3, (2.15)
where
. St v e g
AQ.(V) = Taay §(m~-g)2+g2"’r (2.16)

¥ We note that Drayson, one of the authors of [25], always used
the value Y;, = 0.064 em~1 [23] in his calculations of transmission
functions.
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Figure 2.7. Comparison of experimental transmission functions in
the 15 _um CO

5 band (28] (boldface curves) with the calculations
of [25]

a- p = 0.0205 atm, u = 6.3 atm em; b-p

1- YL is variable; 2- Y = 0.08 em~l; 3-

1 atm, u = 106.2 atm cm;
Y, = 0.06 em~1

130



is the absorption coefficient in the @ branch; SQ is the intensity
of absorption in the whole Q branch; [ =ay/ (B —B"); &= a(v— v/
(B — B"); a = heB"/kT ; B' and B" are the lower and upper positions

off the rotational constants.

Nonuniformity of the atmosphere with height was accounted
for in [21] by introducing an effective mass which, because the

relative concentration of CO., was constant, is directly related

2
to the pressure by the following relatiocnship:

u,;uo(i_ij),' (2.17)
Pad )

where u, = c,po/gp,, 18 the total mass of 002 in a vertical column of
the atmosphere at constant pressure pO and volume concentration
is in atm-+kemnm).

c. {u

0 0

4 better method of calculating the transmission function in
the 15 um C02
of the 15 um CO
of the CO2
mission funetions, using a quasl-statistical model of the absorp-—

band was used in [1.17]. Usling molecular constants
5 band calculated for actual isotopic constituents
molecule, the authors of [1.17] determined the trans-

tion band, as was done for water vapor (see sectlion 2.2 of Chapter
1). They assumed that the line shape was given by the Lorentz
formula for the central part and the Benedict formula in the line

wings, 1.e.,

i“- (v—-vT)L:-I- (A v =veisd,
k (v) = ’ L ‘ (2.18)
’ ﬁ—-—-——-—-—£‘————exp(-—a|v—vo|“), |v—vy| >d,

Tov—vp i

where the constant A is chosen so that the profile is continuous
for |v—wv,|=d,= 2.5 cm_l; the constants a = 0.0675 cmO‘T, b =
0.75 v, = 0.06 em™t

more rapid decrease in line intensity given by (2.18) at the

at T = 300° X and standard pressure. The
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wings, in comparison with the

Lorentz line shape, gives better

| The calculations of transmission

in [1.17] were done for values

carbon dioxide and spectral

] i '
560 707 vem! averaging intervals glven in

‘ section 2.2 of Chapter 1. To

Figure 2.8. Comparison of
experimental transmission

functicns in the 15 um C02 obtained, the authors of [1.17]

band [28] (so0lid lines) with compared calculaftions of trans-
calculations of [17] (brcken
lines) for p = 15.6 mm Hg,

(Figure 2.8). It can be seen
that the agreement between the two curves is quite satisfactory,
apart from the region of the extremes (according to the assump-
tion in [{1.17], the discrepancy arises from differences in the

spectral averages used in the calculation and in the experiment).

However, in comparing the results of [1.17] with direct
calculations of transmission functions in a nonuniform atmos-
phere, performed by Drayson [23] (Figure 2.9), appreclable dis-
crepancies were observed (particularly in the Q branch region),
which the author of [23] attributed to defects in the quasi-
statistical band model, and also to differences between the
intensities of the lines accounted for in the calculations. The
overestimate of abdorption in [1.17] can also be due %o the
curtiss-Godson approximation used to adjust the ftransmission

function to the conditions of a rnonuniform atmosphere.
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agreement with experimental data.

of temperature, pressure, mass of

illustrate the guality of the data

mission functions with the experi-
u = 46.4 atm cm mental data of Birch, et al. [28]
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Figure 2.9. Comparison of the 15 um 002 transmission funections
calculated in [17] (broken line) and [23] (solid line) '

Since we will use the Drayson transmission functions [23]
later, we give a more detailed description of the method of
calculation used in [23], which is based on molecular constants
ifor the position and intensity of 2,000 lines of the 15 um 002
band [22]. It was established by a calculation in [23] +that
the lines whose intensity is less than 1(J_Ll c:m"1 {atm cm)_l at
T = 275° K have a negligibly small effect on absorption inside
the interwval of 0.1 cm_l contalining these lines. This allows us
to separate the 982 strong and about 1,000 weak lines taken into

acecount differently in [23].

The transmlssion function was calculated 1n a column of the
atmosphere from the upper boundary down to each of 34 levels
between 0.3 and 1013.25 mbar at six zenith angles: 8 = 0.15, 30,
4s, 60, and 75° {data were given in [23] only for 8 = Q). The
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volume concentration of CO2 was calculated to be 0.0314%, and the
vertical temperature profile was calculated from the standard
model atmosphere US 1962. Down to the level of 1,000 mbar in [23]
the Lorentz line shape was taken and the line halfwidth |y {py)at
298° K was considered to be the same for all

1. Above 100 mbar, the mixed Lorentz-

po =1 atm and T
lines and equal to 0.064 em
Doppler line shape of Equation (2.14) was taken, where Yp was
calculated from the equation

e
1p=358 107 Ll (em™), (2.19)

where M i1s the molecular weight. At a low encugh pressure Vi << yp
and then it follows from Equation (2.14) that

B (v) ="kye—et, (2.20)

i.e., one can use a purely Doppler absorption coefficient.

Very great computational complications arise from frequency
averaging of the transmission functions. In [23] averaging was
performed over intervals of 0.1 cm—l, which made it possible
to perform further averaging over wider intervals, allowing for
the instrument functlon, for practically all existing spectral
instruments. Certain approximate relations were used to simplify
calculation of monochromatic transmission functions in the line
wings. The Gauss quadrature formula was used in the central

parts of the strong lines.

Reference [23] presented tables of transmission functlons
averaged over intervals of 5 cm_l, with a shift of 1 c:m—l (Figure
2.10). For the Q branch (667.4 cm_l), which consists of a large
number of strong lines, more detailed transmission functions were
given wilth a resolution of 0.1 em™t in the range 665.5 - 670.5 cm”
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As has been mentioned, the

<%

results of Drayson [23] disagree
with the calculated transmission
functions of Plass [1.17], and

|
|

i \ vet there is no reason to consider
|
|

L TT7TT

Y TR that [237, in spite of the validity

of the direct calculations, gives

Iy |llll|l Rl S

a better approximation to the

T

Al . .
\\ : true transmission functions. The

Apiaﬁll rrru;}ﬂf ll&;atﬁ author of [23] does not give quan-
titative estimates of errors

Figure 2.10. Comparison of the associated with the uncertainty
vertical distributions of in the band parameters assumed in
transmission functions in.six
ranges of the 15 um 002 band,

obtained in [23] (solid
curves) and in [30] (broken (constant half-width, error in
curves)

1- v = 677.5; 2- 691; 3~
697; U4- 703; 5- 709 cm—l

the calculation and associated
with the simplifying assumptions

determining the intensity and
position of lines, deviation of
air temperature from standard and
variations in 002 coneentration), mentioning only that there is
presently no need for more exact calculations. Some estimates

of this kind were given by Kondrat'yev, et al. {29], who showed
that use of approximate methods for accounting for nonuniformity
and thermal stratification of the atmosphere (e.g., the Curtiss-
Godson method) in determining transmission functions in six
spectral intervals of the 15 um band (see below) did not go out-
aide the range of the actual accuracy of the direct calculations
of Drayscon [23]1. However, a comparison of the latter with trans-
mission functions in the same six spectral intervals 669; 677.5;
691; 697; T03; 709 cm_l, calculated in [251 by the Curtiss-Godson
method (these data of York, et al. [30] were used to determine
the temperafture profile from the emission Iv of the atmosphere 1in

these reglons of the spectrum) have shown that the transmission

135



functions of [23] exceed the data of [30] (Figure 2.10). This may

be due both toc the above-mentioned effect of the Curtiss-Godson
method, and also to the possible calculation in [30] of selective

and continuum absorption of water vapor in the spectral sections
considered. One probable cause for the divergence of P in Figure
2.10 may be the differences in the band molecular constants or

in the spectral averages adopted in the calculations [23, 30], as [ﬁ;
well as differences in the atmospheric models used (for [30] we

do not know the data*)w

The results presented show that the 15 um CO2 band can be
considered as well understood from the viewpoint of its fine struc-
ture and the behavior of the transmission functions, averaged over
different spectral intervals, but one cannot yet state which of
the above band models 1s the most valid. We note, further, that
in the real atmosphere one must take into account overlap of
59 HEO’ and 03. This is performed at present
by multiplyving the transmission functions of each gas component.

absorption bands in CO

Since the structure and the molecular constants of the H2O and O3
bands are not well enough known as yet, and the contribution of
these components is rather small (in comparison with that of 002),
it is allowable to use generalized Elsasser coefficients. As
regards the continuum absorption in the windows of the 15 um band,

some data were given in section 2.2.

¥ We note that the results of the calculations of transmission
functions which D. York kindly sent to the author privately,
turned out, however, to be quilte representative, as evidenced by
the agreement of the measured values of Iv with calculations

employing these functions (see Chapter 6).
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§ 3. BSpectral Distribution of fthe Earth's Self-Radiation

It follows from Equations (2.6) and (2.7), that the spectral
digtribution of the Earth's zgelf-emisgsion at an arbitrary level
in the atmosphere ¢ is a combination of the following radiation

components:

1) Emission from the underlying surface, governed by its

temperature T the emitfance SV and the spectral absorbance of

03
the atmospheric gases (the first term in Equation (2.6);

2) Emission from the aftmosphere, which is a superposition
of emissions from the constituent layers, and therefore, is com—
pletely determined by the vertiecal distribution of temperature and
concentration of absorbing materials, and alsoc by the absorption
and emission spectra of the latfter (the second term in Equation

(2.6));

3) The descending atmospheric radiation, reflected by the
underlying surface attenuated by the column of atmosphere lying
above 1t (deseribed by the third term 1n Equation (2.6), and
determined by all the above parameters of the atmosphere and the
underlying surface). Since the basic ground objects radiate in
the thermal part of the spectrum, almost like black bodies (6 is /84
close to unity), the contribution of this component to the Earth's
radiation is negligibly small (an exception is surfaces such as

dry sand or clouds}.

The characteristic special features and the wvariations in
the spectral distribution of the Earth's self-radiation can bhe

evaluated from the spectral measurements performed in recent years
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on Soviet satellites of the

f”WJW/CmZ/Uﬂ ? Kpsmos series [31 - 33], the

' 7 American VVS satellite [34], and
' on ballioons [35] in conjunction
l with calculations of Iv from

‘ formulas of the type (2.6) and

| (2.7) for certain model atmos-

| pheres [1, 36 - 38]. 1In spite

of the comparatively coarse

f'fﬁlx7 27 4T resolution of the spectral

equipment used 1n the measure-

FPigure 2.11. Examples of mnent of [31 - 33] (this was
spectral measurements of

the Earth's self-radiation 1.2 - 1.4 um in the spectral
according to Equation (2.23) . range 7 - 15 um, and 2.4 - 2.7

a- at the nadir; b- at um in the range 16 - 27 um)}, the
0.5 - 1 degree above the
horizon;  c~ at 1 - 1.5
degrees above the horizon satisfactory ldea of the spec-

results obtalned give quite a

tral behavior and the absolute intensity values of the Karth's

radistion.

The use of equipment with higher resolution, (onthe order
of 0.4 um in the range 6 - 15 pm, in the measurements of [34])
does not yield appreciable detail in a spectral picture of the
radiation. As can be seen from Flgures 2.11,] a - 2.12, during
observations within the terrestrial disc, the spectra showed
minima of intensity, corresponding to the strong absorption
bands of HEO at 6.3 um, of O3 at 9.6 um (Figure 2.12,] a), of
002 at 15 pym, and of H20 at 20 um, and maxima at the transparent
windows in the regions 8 - 12 and 17 - 18 um (Figure 2.12,|b).
This baslc property of the spectral curves means that the radi-
ation temperature in the absorption bands will be less than the
radiation temperature in the transparent windows. This follows

from the relations between the emission of the underlying surface,
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attenuated by the atmosphere

(strongly in the absorption band,
weakly in the windows), and the
self-radiation of the atmosphere
(mainly of the troposphere) which

has a lower temperature. The

fCﬁW/cmgfster/pm

result of this superposition is

that the atmosphere radiates
appreclably less in the absorption
bands than 1n the adjoining

transparent windows.

TT T TT

However, in measurements /8

T JF A, UM outside the Earth's disc, when
only the atmosphere falls in the
Figure 2.12. Comparison of

experimental (solld curves) field of view (Figure 2.11 b, ¢),

and calculated (broken curves) the intensity of the emission,
spectra of Earth radiation

a- from the data of [34]; b, c-
from [32]

conversely becomes a maximum in
the absorption bands (it will be
shown below that a similar

"inversion" can be observed also above high altitude cold clouds).

This inversion arilses from emisslon of the warm layer of the|
mesosphere (30 - 50 km) which contains an appreciable amount of
water vapor, carbon dioxide, and ozone, and, in accordance with
Kirchhoff's law, causes an Increase of the emitted energy in the

bands relative to the transparent windows.

These peculiarities, which were also obtalned theoretically
from solution of the transfer equation for a plane [1, 36 - 38]
and a spherical atmospheric model [39 - U45], should be regarded
as a very simple criterion of the validity of the satellite

measurements of the Earth's self-radiation in the various spectral
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regions. In particular, the radiation temperature 1in the window

at 8 — 12 um should always increase the radiation temperature
corresponding to the integrated emission (3 - 30 pm) (apart,
possibly, from cases of measurements above high altitude cold
clouds).

However, even within the framework of these very general
laws, satisfactory agreement between measurements and calcula-
tions is not always obtained. This can be seen, for example,
from Figure 2.13, which illustrates substantlal differences
between measured and calculated spectra, even of a gualitative

hature.

e b b

~87

rclear sky :

i
1 i = ~%0 [— } | i
P T I e SRS B lair'cra,_ft|
sky] partiel: aircraft| asceni] partial cloud|
cloud
Figure 2.13. Distribution of radiation temperature above the
ground and above clouds, from balloon measurements of [35]

a- 1 - 3- A = 8.5, 7.6, and 6.4 pm; b—- 1 - 3- & = 10.3, 9.63,
and 14.5 um

'
£ —a L i
gacent| clear

For example, in averaging the calculations over the spectral

range 1.2 — 1.5 um (in accordance with the experimental condi-
tions of [31]), the comparatively narrow ozone band at 9.6 um
vanishes, although it remains quite strong in the experimental
data. The lack of reliable control of the operation of the

radiometric and spectral equipment on satellites makes it impossible
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to determine the cause of these discrepancies. However, as shown
by the results of many experiments on satellites of the Tiros and
Kosmos series, the sensitivity of thils equipment varies appreci-
ably under space conditions. This, together with a number of other
shortcomings of the measuring equipment (e.g., the large spatial
displacement during spectral scanning in the interval 7 - 15 um
(317 which took 20 seconds) limits the possibilities of using the
data obtained for the optical probing questions considered 1n

the present book.

One such application might be to verify the method of
caleulating the spectrum of the Earth's thermal radiation and to
validate the physical parameters of the atmosphere used in the
calculations. For thls purpose, one could also use balloon
spectral measurements of [35], obtained using a Fouriler spectro-
meter of quite high resolution (about 5 cm_l in the 15 um 002
band) and high accuracy (0.5% of the minimum flux of '

1 mW/cmz-sterfmm). We shall perform this check for the specified
spectral ranges used in the solution of the inverse problems.

The data on the Farth's emission spectrum also find another
appllcation agssociated with correcting the absorption and self-
emission of the atmosphere when determining the temperature of
the underlying surface from measurements of the latter's radiation)
in the transparent window at 8 - 12 um (see Chapter 8). For
example, York, et al. [1] used calculations of the Earth's
radiation spectrum for a large number of atmospheric models

determined by the actual profiles of temperature and humidity.

Calculations or measurements of the spectral composition
of the Harth's radiation are very important for developing methods
of solving the inverse problems, i1.e., determination of the|
vertical profiles of temperature, humidity (see Chapters 6, T7) or

the other atmospheric parameters. Such calculations allow us to
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model the spectra of the expected Earth's radiation for given
distributions of temperature, humidity, 002 concentrations, and
other absorbing substances, and also for variations of the models
adopted in the calculations for the absorption bands of these
substances, the levels of the emitting surfaces and values of
their emittances. In this way, we can investigate limits of _§§
variation of the Earth's self-radiation in spectral regions of
interest as a funetlon of the actual variations of the physical
parameters governing the spectral distribution of the radiation.
At the same time, we gain information on the different spectral
ranges as regards the atmospheric parameters of interest and
their regions of influence in forming the radiatlion spectra

under actual conditions, which is important for a statement of

the inverse problems.

Calculations of the Barth's radiation spectra can also be
used to derive the instrument function of a spectrometer or a
radicmeter filter for absolute calibrations of instruments using
a blackbody, |whose emission spectra differ from those of terres-
trial objects. This was done in [1] in relating values of the
radiation I, directly measured by the radiometer of the Tiros
satellite in the wide spectral range 7 - 30 um, to the quantities
SI“W; in which the effect of the filter was eliminated; the
%rocéss reduced to determining the effective boundaries of the
spectral intervals, allowing for transmission of the filters used

in these radlometers.

It follows from Equations (2.6) and (2.7) that the variations
in the vertical profiles of atmospheric temperature and humidity
play an appreclable part in the variations of the spectral

distribution of the Earth's self-radiation. This is confirmed by
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numerous measurements on the Kpsmos satellites [31 - 33], and
also by the calculations of York, et al. [1] for more than 100
profiles of temperature and humidity, corresponding to different

climatic zones and meteorclogical conditions.

Direct examination of the results of measurements or calcu-

lations of the functional

I,=1,[T(P), ¢ @I (2,21)

does not allow us to establlish any kind of tanglble laws for the
dependence of this functional on T(p) or q(p).

The reason 18 that the values of Iv in different spectral
regions are determined by the temperature and humidity at differ-
ent levels: in regions of strong H20 absorption, Iv depends on
the temperature and humidity in the upper layer of the troposphere
and in the stratosphere: in reglons of less strong absorption,
the temperature and humidity of the lower and middle troposphere
play an important part; and in weak absorption reglons, the role
of T(p) and gq(p) 1s small, while the temperatures of the under-
lying surface and of the clouds arejof primary importance. In
the regions of strong absorptlon bands of other gases, e€.g8., 002
(or 03), the humidity generally plays a small part, and the radi-
ation is determined by the profiles of temperature and concentra-=

tion of these gases.

Here the emission of each elementary layer of the atmosphere
contributes to the total radiation with a welght depending on
the wavelength and the vertical distribution of concentration of
absorbing gases. Therefore, to establish the thermal equivalent
of monochromatic emission or the emission, averaged over a certailn
spectral range, a rather simple and obvious characteristic is

used, viz., the radiation temperature, i.e., the temperature of
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a perfect blackbody |whose emission is equal to the glven Earth
emission. 8ince the radiation temperature will lie between the
maximum and minimum temperatures of the atmospheric layer, one
can find a level, of course, for which the true temperature

colncides with the radiation temperature.

This is sometimes used in meteorology to determine some i&[
certain "constant" levels obtained empirically. An example 1s
the 400 mbar level, which, according to the calculations of
Kolosov [463, corresponds to the radiation temperature of the
integrated Earth radiation {we note, however, that direct measure-
ments of fluxes of integrated radiation conducted by Kostyanoy,
[47] using an actinometric radiosonde have shown that this level

varies, in fact).

As has been mentioned, the decrease with height of the tropo-
sphere temperature at which the main mass of absorbing material
is econcentrated is the reason why the radiation temperature in
cloud-free conditions decreases with increase of absorption.

The presence of temperature inversions in the boundary layer of
the troposphere and in the mesosphere (20 - 50 km) smooths oufb
this effect somewhat. In addition, if the emitting surface is a
dense high-altitude cloud with a cold top surface, an lnversion
can be observed: the radiaztion temperature in the strong absorp-
tion region is larger than in the transparent window of the
atmosphere. This effect was obtained both in the calculations
of [37], and experimentally on the Tiros III satellite [B.14]
and on balloons [35]. Radiation exhibiting this inversion is
shown in Figures 2.13 and 2.14. The depth of this inversion,
which reached 40 degrees for 6.4 pm (Figure 2.13 a), for
example, is easily explained from analysls of the two main com-
ponents of Earth radiation: emission of the hot underlying
surface attenuated by the atmosphere, and self-emission of the
latter. If the temperature of the underlying surface is high
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enough, then, 1in spite of a cer-

tain amount of attenuatlon in

the region of relative transpar-
ency of the atmosphere, there 1s
more outgoing radiation than in
the strong absorption reglon where

the emissicn comes from higher

layers of the troposphere. And /88

if f£he underlying surface has a

1 1 1 1 1 1 1 ]

i i
g5  soy  Joge /208 s8¢ .o~ low temperature, then the outgolng

radiation in the strong absorption

Figure 2.14. Spectral behav-
ilor of radiation temperature
from balloon measurements nificant extent by the warm layer

of [35]

1- in eloud-free conditions;
2- above high-altitude
dense cloud material in this layer), whille

the cold underlying surface

regions is determined to a sige

of the mesosphere (in spite of
the low concentration of absorblng

radiates in the transparent windows, and the conftribution of the
mesosphere will be negligibly small. As a result, the radiation
temperature in strong absorption regions can be higher than in
the transparent/regions. These contradictions in the radiation
temperature can be used to detect high-altitude cold clouds (in
particular, thunder clouds) from satellite measurements of
radiation in the transparent windows and the absorpfion bands

of HLO or CO2 gases,

2

A significant part in the variation of the Earth radiation
spectrum is played by the underlying surface and the clouds,
considered as a radiating surface. This is due to variations of
temperature and emittance of ground formations and particularly
of clouds (see Figure 2.14). It 1s quite clear that the most
noteworthy effect of these factors appears in the transparent

145



windows, while in the strong absorption regions the effect 1is
comparatively small. This 1s illustrated in Figure 2.13, which
shows both the three-dimensional behavior of the gradient of
radiation temperature in different spectral regions. The smoothing
out of the gradient of radiation temperatures of ground surfaces
in elouds as the absorption of the atmosphere increases can be
used to solve one qualitative problem of satellite meteorology,
i.e., the identification of clouds against an underlying surface
background which has the same reflectlng properties or emits the
same kind of radiation in the transparent windows as the cloud
does (e.g., against a background of snow).

The method considered in detail in [37] is based on the
difference in absorption of radiation by clouds and background in
the atmospheric layer above it. This difference arfises from the
fact that almost always the upper boundary of clouds lies above
the level of the Earth's surface, but the concentration of absorbing
material falls off rapidly with height. Therefore, the masses of
substances contained between the cloud and the observer will be
less than the mass between the observer and the ground surface,
and as a result the self-emission of a cloud will be absorbed less
on the path to the observer than the emission from the ground
surface. Therefore, the contrasts between the radiatlon temper-
atures of the window and of a band large enough for a background
will diminish with increase of height of the c¢leoud.

In this prchblem, as in quantitative investigations of the
atmosphere and the underlying surface, cne needs data on the spec-
tral emittance of the latter. From measurements of the emission
spectra of a number of natural surfaces [U48 - 52], one can con-
clude that the majority of these (snow, water, vegetation, and
certain types of soil) emit almost like blackbodies. | However,
some of the surfaces {(dry quartz sand, spruce forests, and even
water) have an appreciable reflectance, which increases with
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increase of the angle of incidence and reflection of the radiation.

This circumstance should lead, at flrst sight, to a large devi-
ation of Earth radiation from that of a blackbody | at the surface
temperature. In actual fact, there is a partial or even complete
compensation (depending on the air temperature gradient) of the
surface radiation by the atmosphere radiation reflected from this
surface. This is 1llustrated by the radiation spectra obtained
in [52] for dry sand and grass cover under daytime and night-time
conditions (Figure 2.15). It 1s easy to see that the spectra
over sand with a cloudly sky and over grass are Planckian, while
the minimum in the sand spectrum for night-time conditions is
somewhat smoothed out in comparison with that for the daytime

case.

A similar situation will probably be observed also above
clouds whose albedo, aceording to calculations of [7],jin the
transparent window for stratified clouds can exceed .20%, regard-
less of their water content and geometric thlekness. Recent
calculations by Yamamoto, et al. [53] in the 8 - 12 um spectral
regions have shown that the emitfance depends on the cloud

characteristics, and that 6§ = 0.9 for dense clouds.

Appreciable variations in the fleld of Earth self-radiation
are associated wilth cirrus clouds whose fransparency can vary
over wide limits. Assuming that cirrus clouds are made up of
spherical ice particles and considering their different concen-~
trations in [1.29], the attenuation of the intensity of ascending
radiation was calculated for the 8 - 12 um transparent window,
the 6 - 6.5 pum H,
spectrum. The calculations were performed for several types of

0 band, and the entire thermal region of the

atmospheric stratification, corresponding to different latitudes,
and in each of the models account was taken of the transformation

of radiation by cirrus clouds with different concentration of
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Figure 2.15. Spectra of
natural radiation of sur-
faces, from [52]

The broken lines show black-|
body radiation at the tem-
perature of the surface. a-
grass cover: 1- daytime
radiation (T = 305° K}; 2-
night-time radiation (T =
283° K):; b- dry sand:

1, 3- daytime and night-time
radiation in cloud-free
conditions; 2- daytime

absorbing and scattering particles
N = 03 5.10 % 3°1073; 1°107° and
1-107% em™3 (for N < 1072 em™3
cirrus clouds are no longer seen).
As can be seen from Figure 2.16,
even for N = 1072 cm-3, the
emission is reduced by 5 - 15%

and for N = 1071 cm_3, this
decrease reaches 70% for tropical
regions. The attenuation of
radiation by cirrus clouds is the
most probable reason why the radi-
ation temperature of the under-
lying surface, including the
ocean, obtained from measurements
of Earth radiation in the trans-

parent windows at 8 - 12 um from

radiation with dense cloud
satellites, differs appreciably

from the true temperature (see Chapter 8).

N

N

iﬂﬁfcal/cmz/min/ster

Figure 2.16. Latitude dependence of intensity of outgoing
radiation (8 = 0)

The solid curves show absorption; the dotted curves show
scattering. a- A =6 - 6.5 ym; b—- A =8 - 12 ym; 1 - 5- N = 03

5.10"%; 3-1073; 1072 and 1077 em ™S
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§ 4, Angular Distribution of Self-Radiation

The angular distribution of self-radiation of a plane-
parallel atmosphere I(6) is determined mainly by the vertical
profiles of temperature and air humidity. Therefore, the
function I(6) should vary noticeably over the globe and with time,
and depend strongly on the spectral region. There is evidence
of this, for example, in the calculatlions of intensity of outgoing
radiation obtained in [1] for a large range of variation of ver-
tical distributions of temperature, humidity, and ozone concentra-

tilion.

In [1], the angular behavlor of the intensity of outgoing
radiation in the spectral range 7 - 30 pm was deftermined from
calculations of I(8) for 106 atmospheric models at the angles
8 = 0; 20; 45; 60 and 78.5°. The ratios I(8)/I{(0) shown in
Figure 2.17 for some of these models, including some of the
extreme cases, indicate that the function I(§) varies from strong
darkening of the Earth's limb in cloud-free conditions at high
humidity (this type of behavior is typical for the Earth's
atmosphere) to practically complete independence of 6 in condi-
tions of dense cloud at the level 400 mbar above which the
humidity is small. When there 1s a severe temperature inversion

near the ground, there is even some brightening of the horizon.

Reference [1] determined the curve of I(6), averaged for
all 106 cases (see Figure 2.17) and approximated by the poly-

nomial

T(0) =T (0)(1 + ab - b6 + 0%, | (2.22)

6

”, b = 5.876-10 "; ¢ = -1.928-10‘7 (8 is in

where a = -1.989-10
degrees).
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Figure 2.18. Dependence of

Figure 2.17. Calculation of the v{8) on I(6)

angular behavior of I(8)/I(0)

for typical atmospheric strati-

fication, according to Equation In order to calculate the
(2.1)

l- clear sky, large inversion
near the ground; 2- dense
cloud, 400 mbar; 3- clear sky, [1] determined the ratio
weak inversion near the ground;

4- dense cloud, 700 mbar; 5- )

dense cloud, 930 mbar; 6~ _ () = S OO 1 (2.23)
clear sky, high humidity; I(®) a0 + 602 + o0*

averaged over 106 models

variation of darkening 1n the
best manner, the authors of

which goes to unity in the case
I =1I(8).

Values of Y(G)'are shown in Figure 2.18 as a function of
the absolute intensity at the nadir I(0), calculated for each
given case. It can be seen that these deviations have a syste-
matic character, described by the « 4 B/ (0). The increase of
darkening with increase of I(0) corresponds to a systematic
variation in the vertical gradient of temperature and humidity
in going from warm cloud-free regions to cold regions, or to
conditions with dense c¢louds.|In addition, a random scatter in
v(6) was observed, due to random variations in the vertical
profiles of atmespheric ftemperature and humidity.

It was shown in [1] that these variations are not very

important in calculating the fluxes of outgoing radiation
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I8}/ 7(8)
L7

' 2
F=2x\ I,(Bjcosﬂsinﬂdﬂ.! (2.24)

In using the empirical formuia

(1.

.
-

proposed in [1]

I(8)=1(0) {1 +la+ Bl (O]
(ab -+ 60% 4 c6%)},, (2.25)

where I(0) = 7.6 mW/cm2°
o = -1.375; B = 0.313, the error
in F does not exceed 2%.

ster;

I |
w28 ¢ S0 S0’

Figure 2.19. Comparison of
measured angular profile of From similar calculations
I(8) in the 8 - 12 um trans-

parent window [39] (1), with in [54], approximate expressions

the theoretlical values of type (2.23) were constructed
obtained in [54] by averaging . ~
calculated curves for July for I(8) in the 8§ - 12 um trans
(2) and January {(3) parent window of the atmosphere

(Figure 2.19). These calculations,
which are important for the problem of determining the temperature
of the underlying surface, are evidence of a more variable behav-
ior of I(8) in comparison with the integrated case of [1]. This
result can probably be explained by the fact that in actually
posing the problem, the calculations of [54j were not done for
the clouds considered as an underlying surface. We note, however,
that this conclusion follows from investigation of the angular
behavior in the 8 - 12 um window accordling to experimental data
obtained on satellites of the Tiros series [39].

The method of measurement of radiation on the Tiros satel-
lites does not allow determination of I(6) for a single atmos-
pheric situation simultaneously over a wide enough range of angles
8 (as was obtalned, for example, from the data of the scanning
telephotometer on Xosmos 149 for the visible part of the spectrum

[55]). Therefore, [39] constructed distribution functions for
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measured values of I(8) for all ranges of 8. Then they determined
average angular profiles for different time intervals and lati-
tude belts. From these results, the authors of [39] suggested

an empirical curve for the angular behavior of Earth radiation in
the 8 - 12 um window, which is well approximated by the formula

1(8) = 1(0) (1 + ab + b0* + c0® + doy) 25 ] (2.26)
where a = -1.116-10'”; b = -5.873-10"5, c = 1.387-10“6; d =
—1.523-10“8. The funetion in G(t,cp)/éo in Equation (2.26)
describes the timewlse and latitude variations of the angular
profiles. The behavior of the polynomial in 8, which the authors
of [39] called a statistically invariant form of the disc
darkening, is shown in Figure 2.19. The funetlon §(t, ), given
in [39] in the form of a two-dimensional table of order 10 (the
average of 100 values is GG = 0.0427) is approximated by the sum
of products of trigonometric functions (in t) and Legendre poly-
nomials (ino). I% can be seen from the figure that the empiri-
cal function I(8)/I(0) is underestimated for all & in comparison
with the theoretical angular profiles of [54], and the difference /92
between corresponding values remains the same for all § > 30. One
possible cause for this systematlic underestimate is the fact that
the ecalculations in [54] did not account for the tropical zone of
increased humidity, while the experimental curve in [39] was
obtained from measurements at all latitudes, -~75° S£o@ = 75°.
Another cause may be the above-mentioned absorption of radlation
by clirrus clouds located at large altitudes and therefore capable
of producing a more rapid behavior of disc darkening. In any
case, this comparison, like the other results of [39] (e.g., the
differences in the latitude and timewise behavior of I(6) from
the data of Tiros IV and VII)} shows that the laws of the angular
behavior of Earth radiation require additional investigations

with allowance for sphericity.
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Examining the question of the use of the angular radiation
profiles obtained to determine radiative fluxes F from the
measurement of I(0) in the case of partial cloud cover, the
authors of [1] reached the coneclusion that errors 1in the corres-
ponding averages will depend on the range of observation angles,
and also on the ratio of scales of nonuniformities and angles of
view of the radiometer. However, in order to investigate the
three-dimensional structure of the radiation field, we need
methods for allowing for horizontal nonuniformities in the flelds
of temperature, humidity, and cloud cover in the theory of
thermal radiation transfer. On the other hand, we should also
account for random variations in the vertical profiles of
temperature and humidity, which, as follows from Figure 2.18, are
the cause of corresponding variations in I(6). These problems

will be considered in detail below.

As regards the role of the sphericity of the Earth in
determining I{(6), we restrict ourselves to a brief listing of
the results obtained, since they will not find immediate appli-

cation in what follows.

§ 5. (Caleculation .of Horizontal Nonuniformities

5-1._ Bagig Relations

The plane-parallel atmospherice model can beused only to
examine homogeneous or very limited sections of the underlying
surface, atmosphere, and cloudsg.| In the real conditfions, there
are spatial variations of the vertical profiles of atmospheric
temperature and humidity, as well as cof the temperature of the
underlying surface and the clouds, which entail corresponding
variations in the characteristics of the field of Earth self-

radiation.
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We assume that the temperature and specific humidity of the
alr depend on the horizontal coordinates x and y, i.e,, T =
T(p, x, v) and q = a{p, %X, y). Then the three-dimensional
equation to determine the radiative intensity Iv(p, X, ¥ 6, %)
will have the form:

a1 sinésinw ar sin 8 co ar
cos @ - .. Snfsiw 77y smPeosy Tv
ap pg dx pe ay (2.27)

k,(pre{p, =, W)
—— P, 2y 0, ) — BV [T (p, 2, ¥}

For simplicity, we consider the two-dimensional case, where
the given and the unknown function depend only on a single
horizontal coordinate, e.g., x, i.e., the fields of T(p, x) and
q{p, x) are uniform along y and aIv/By = 0 (it 1s not difficult
to generalize the results obtained to the three-dimensional case).

Golng over to dimensionless coordinates & = x/L, ¢ = p/PO
(L is the average scale of horizontal nonuniformities), we write

Equation (2.27) in the following form:

~
(8}

a) for the intensity of the ascendilng radiation Hj

o, . N
cos GT —fsuwsunpﬁ- =k, (L) woq (€, &) |Ly — B | (2.28)

b) for the intensity of the descending radiation I&}

E T Y e :
080 — sin0sin g 5 = b Qweg (8 (A — B, (2.29)
Here a = pO/pOgL = H/L is a dimensionless parameter (po is the
surface air density; H is the height of the uniform atmosphere);

and w, = poqo/g is the mass of water vapor in a column of the

0
atmcsphere reduced to standard pressure at 4y = q(po). It was

assumed in deriving Equations (2.28) and (2.29) that the air
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density varies with height according to the same law as the

pressure does.

The boundary conditions for determining IIiand Hfare:

L8 8, %) = B 1T, ®);, (2.30)

0,50, ¢)=0. (2.31)

Further, let

TEH=TEHTE L), T, 8 =0;

(2.32)

g€ =7+ ¢ & &) ¢ =0 (2.33)

where T(z) and q(z) are the average profiles of temperature and
humidity (the bar denoctes averaging over the entire interval of
£ considered); and T'(z, £} and q'{(z, E£) are deviations from
the mean profiles, with T' « T, so that, to a high degree of

accuracy, we have

: T . l
BT @ B = BulT O + =0 T (4, 8. | (2.34)

We represent the desired function in the form of the sum
L5, 50, W)= L.(C 6, ) + LG & 6, ¥), | (2.35)

where iv is the average value of Iu over the range of £; and
I'U is the deviation from this average, which 1s gquite small

compared with Iv'

Substituting Expresslons (2.32) - (2.34) into Equations

(2.28) and (2.29), we cobtain equations for determining fﬁ and I'v:*

# We shall perform calculations for the ascending radlation; the
results are simllar feor the descending radiation.
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0056 - — it (T (O L4 (G, 8 %) — B [T O +

7

B [T ——
Fuk@{FEILGEO W~ O TG OT G B 230
1,(1, 8, ¢) = B (To); 2.37)

oM, oo
cose——c-—-?sm sm\p—aa—; |

: ' aB,IT @ ., .

— wh T QT & 56w — ._E___T(a;, o} + 2.38)

-+ @k (§) ¢’ €Y ., 8, v) — BV [T (D)1}

r : _(} ’ ‘
1 50,9 = T (2.39)

The formal solution of Equation (2.36) with boundary condi- /94
tions (2.37) has the form

1.0, %) = B,(T,,)exp[,_f(g 1,0)) HBB (o _

b
[q (& E,)I(tgew) _L[;_(f_lx (2.40)

0}
———— 1§ exp [
X7 GO 6D 22 2ol —-—df“\* O a1,

where
t '
T(C, b 0) = g sec 8 B ()T (1) dt,. |
) .

Tt contains the unknowns g7, and g7’ , to determine which
we need additional equations. However, if these quantities in
Equation (2.40) are small, they may be omltted, i.e., we consider
the value [/, (% 0y thus obtained as a first approximation, which
allows us to determine I'v from Equations (2.38) and (2.39),
and therefore, also q'I'v (we need to know gq'T' from empirical
data).

Applying a Fourier transformation to Equations (2.38) and
(2.39)
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+ %

Ty, i 8 %) = 5 | LG5 6, w) ¢ S| (2.41)

—0

(w is the wave number), and assuming that I, (L, &6, y)

we obtain an equation for JU

' B.Iv ioa . .
€08 9-@— -+ TSHIBS[II W, =
— T

+ 1wk (£) 5 (&, 0) {7 (&, 8) — B. [T (1% |

Tl o; GIM B(ﬂo dn)! (2.43)

Here,
PE ) = § B p0(0) = | Bo® ei'«iadg;\ R
6(t. o) — o | 7@ pea, (2.45)

where we assume that the funetions T' and gq' admit of Fourler.
transformation, i.e., they tend to zero in the reguired manner
ags §&— 4 oo.

The solution of Equation (2.4) with boundary condition (2.34)
has the form

Jo(G, ©; 8, P) = "(n)

Pu( )g—matgﬂsiunhexp[_-r(c‘i 9)]__ .

S{aB ol m)_c_u.m) o, Q)_B,,(T{t))_]}x (2.46)
2

x )matgosintbaexp[ﬂf(?; ¢, endt

ot '

If we carry out the inverse Fourier transformation for Eguation /9

(2.46), o
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teo 1

L@ &0 = § Ju@ 0:8, y)elida,

then, taking into account that

g, = § (£ w)elwﬁdm, O q' (z;, £ = S (5. w) eimﬁdﬂ'\
i

—co . —

we obtain the final solutlon of Equatlon (2.38):

OB, (Tv) 7 .
= —7— Toln (. & 1: 6, Yl exp [~ 1, 1, 0)] —

1.6, 56,9
s (3B, ?
~Har e - g (2.47)
t .
T

(0BT 2 exp [
—r i@ & & 6, 1) 2222 e

Here

n(, &t o, ¢)=§—atgesin\pln-ti‘
The function f;=(UAv)SIkh](or 7)), averaged over the spectral

Av t
interval Av, can be represented in terms of the transmission
funection P,(gt,mﬁwe drop the ~ sign):

v (T}

IL@ 80, %) = —5— To[n(E & 1; 0, ¥)] Pu(t, 1, 0) -
S{BB O 08 6 0, W)l — (2.48)
4
T(tm B,[T.(0] . aP, (L, t, ©)
q(t) q [tsl"l‘{z.;i g! t’ 91 w)]}—at—'dt-

Expressions (2.47) and (2.48) show that the horizontal
nonuniformities in the radiatilon field described by the function
I'v are determined mainly by the functions T'(g, £) and q'(zg, £},
and also by the parameters of the problem, i.e., the transmission
Pv of the atmosphere, the nonuniformity scale L, ete., In the

actual conditions, T' and q' are random functions, and therefore
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I'v will also be a random function of its coordinates. Therefore,
large-scale calculations of I'v using the quite cumbersome
formulas (2.47) or (2.48) will not be sensible. It 1is clearly
desirable to determine the statistical characteristics of
horizontal nonuniformities, which will be done in Chapters U

and 5.

However, we can obtain some idea of the behavior of the
function I'v with change of its arguments without making

detalled calculations.

5.2._ Behavior of the Function T'

The functions T' and q', used to express I'v’ depend on a
difference of the type § — e tg0sinyIn (#), which 1s a characteris-
tic of Equation (2.38). Therefore, radiation I'v, determined
by temperature variations T' and humidity variations qQ' at points
with coordinates ¢ and w =& — atg@sinyIn (¢/4),[comes to the point (¢, &)
in the direction (8, ¢);.

When £—0 and £ is a finite quantity, the functions T'(t, n}
and q'(t, n) go to zero for all 6 # 0 and@ # 7/2. Then the
funetion I'v also goes to zero. This means tThat, at an infinite
distance from a plane layer of the atmosphere, there 1s complete
smoothing out of features of the radlation field, due to smoocthing
of the flelds of temperature and humidity as &— o) (from the
definition of the valldity of the PFcourier transformation).

We consider the behavior of I‘\J as a function of changes in
the other parameters. It 1is easy to see that for 8 = 0 (the
direction of obhservation is to the nadir) the dependence of I’u
on § is completely governed by the variations in the profiles of

T'" and q' above the point £, while the variaticons T' and g' along
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the horizontal coordinates play a part in an inclined direction
{6 # 0). In particular, when & = 0 and 6 = 0, the smoothing of
I'v will be determined only by absorption and self-radiaftion of

the vertical column of the atmosphere.

4 similar effect is obtained also for ¢ = /2, 1.e., for a
direction of observation along the y axis. In this case, the
radiation reaches the observer from a horizontal uniform layer
of the atmosphere corresponding to the coordinate £. If 6 » m/2,
i.e., the direction of obgervation i1s close to horizontal, then
I'v is determined by the values of T' at the point (z, &), and

N B, [T (L) |
] vlb, €3 :_u__ ! , .
Jim 7. & 8, ) a7 [ &6

Such a simple relation arises from the fact that the plane layer
of the atmosphere which we are considering radiates in the hori-
zontal directlon 1like a blackbody | with a temperature equal to
that at the point of observation.

The behavior of I'\J depends to a considerable extenft also
on the parameter a, which depends mainly on the scale of
nonuniformities L. With decrease of L (increase of a), the
smoothling out of details of the radiation field ocecurs at lower
levels of . Conversely, 1f the nonuniformity scales are largs
{a is small), the horizontal nonuniformity of the radiation field
will appear up to very great heights. Finally, the effect of
variations of T' and g¢' on the variation of the intensity of
radiation depends on the nature of atmospheric abscorption in
the given spectral range, and also on the mass of absorbing
material in the path of propagation of the radiation.
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5.3._ Variations_of Radiative Fluxes

We note one further important consequence of Equations (2.47)
or (2.48). Practically all instruments measuring Earth radiation
have a finite aperture, and sum the radiation which arrives from
a certain solld angle, defined by the angular sensitivity of the
instrument k(8). Therefore, the variations in the radiative
fluxes

on n/g ,
’ ’ r ° ' .
o= § 7@ 56 yx@sinodoay | (2.149)
0 0 l
will describe the actually measured horizontal nonuniformities
of the radiation field, averaged over the instrumental field of

view, whose optical axis is directed towards the nadir.

We represent the angle of sensitivity of the instrument in
the form

eof =

@ =co™0 (00T n=0,1,2 .. (2.50)
(the special cases n = 0 and n.= 1 correspond to instruments with
spherical and plane detecting surfaces, with an angle of view

of 2m).

We assume, further, that the dependence of I(8) on & can be /9
neglected (the results of § 4 of the present chapter show that
this is valid). Then it is not difficult to determine the

Fourier transform for the flux F, (¢, &)

400

Do (Ch0) = o | Fin (6, B et

—o

(2.51)

(the subscript v has been dropped).
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In fact, by substituting Equation (2.51) into Equation (2.49),
and taking into account Equation (2.46) for J, (L w;9, ), and
carrying out integration with respect to & and ¥, we obtain:

‘ 3B, (1) : a1
@, (0 0) = o (&) ¥y [wo§ k(T (0741, 00 lng | —

¢ ¢ 8B, [T ()] " FT,0—B,(T o) .
F—S {'—BT—_“‘)“' “) = Z70) ot X (2.52)

. t '

a . » —
vl 07 @ aotn ]
13

Here

¥ (1, v) = §°e—“.fu (v ]/sT——_i.%il) (k =1, 2. L) -—l
1 .

are geheralized exponential integral functions of the two
variables 1,y , obtained above from solution of the analogous
problem of reflected solar radiation (see § 7, Chapter 1); and
d/gv; denotes the partial derivative with respect to

T=1w,{ kv(u)i(u)du.‘-!
4

Taking into account the properties of the funection ¥, we
can investigate the asymptotic behavior of @, (f,e), €.8., the
rate of damping of radiative flux varlations with change of the
abscrption ku’ the mass of absorbing material Was the scale of
neonuniformities a, or the position of the observer ¢. In
particular, for £ + 0 (the top boundary of the atmosphere going
to infinity), the flux variations go to zero. The properties
of the function @, ({ v) will be considered in greater detail in
Chapter 5, when we investigate the relation between random
varlations of the radiation fileld and random variations in the
fields of meteorclogical elements, since the physical meaning

of this function will then become clearer.
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§ 6. Allowance for Sphericity of the Earth

Because of three-dimensional nonuniformity of the fields of
atmospheric temperature and humidity, and also the temperature of
the underlying surface and of the clouds, allowance for spherieity
reduces to solving the three-dimensional radiative transfer
equation, similar to Equation (1.96); the Planck function is the

source function in this kind of equation.

However, since the clouds and the underlying surface create
the main effects of the spatial nonuniformities of the radiation
field, one can restrict attention to a spherically symmetric
model of the Earth, when calculating the basic laws for the
intensity of radiation to be used in most applications., A
characteristlic of this model is that the temperature of the
atmosphere and the underlying surface, the concentration of absorb-
ing material and the absorption coefficient depend only on the
distance r from the Earth's center. In this case, the intensity
of the radiation I,Oyﬁﬁ, which depends on r and the angle 6
between the direction of propagation of the radiation and the /98

angle to the nadir, is given by the transfer equation

cos@ 2% — SN0 T o ) (Lu(r, 8) — BuIT (]}, (2.53)

The first problem formulated in this way was considered
by Kuznetsov [40] whose object was to determine the wvertical
temperature profile in a spherical atmosphere. In recent years,
from solution of Equation (2.53) for quite a large number of
atmospheric models, numerous data ‘have been obtained on the angular
distribution of the Earth self-radiation in various regions of the
spectrum [B.12, 41 - L5, 56]. Some experimental data have also
been obtained from radiometric investigations of the angular
structure of the radiative field, using balloons, rockets, and
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satellites [16, 33, 57 - 59]. Naturally, the angular behavior

of the Earth radiation near the horizon 1s of very great interest.

From calculations of the intensity of outgoing radiation for
fthree mean-season and mean-latitude stratificatlions of the atmos-
phere: @ = 0 (equator, summer) and @ = 65 degrees (summer, winter)
under cloudless conditions, and for dense clouds at 3 and 9 km,
Kondrat'yev, et al. [B.12, 411 investigated the basic laws for
the angular behavior of Earth radiation, in 13 spectral rarnges,
including the absorption bands of H2 s 002’ and 03, the trans-
parent windows, and the whole range of thermal radiation. Simi-
lar investigations for typical atmospheric mcdels, corresponding
to mean latitudes, and for the tropics, the arctic, and deserts,
under cloudy and cloud-free conditions were performed by thel,
et al. [43], and also in [45]. For specific synoptic situations,
including partial cloud conditions, the angular behavior of the
self-radiation was calculated by Kondrat'yev, et al. [42]. The
refraction of the atmosphere in the thermal spectral region was
calculated by Wapk, et al. [44] for four model atmospheres,
embodying a wide range of variations of meteorological conditions.
Yakushevskaya [561 compared the angular behavior of radiation
from the spherical Earth with and without allowance for

refraction.

The results of these calculations show that the angular
profiles of Earth radiation near the horizon depend strongly on \
both the spectral range and on the metecorologlecal conditions.

The main features of the angular behavior of the radiation in
different spectral regions are repeated with certain variations
in all the theoretical calculations, For cloud-free conditions,
the following general laws apply for the angular profiles near

the horizon:
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1. In weak atmospheric absorption regions, the radlation
rapidly falls to zero as the perigee of the rays Ilnereases. TDor
example, for the transparent window in the range 10 -~ 11 um, 1t

goes to zero even for rays with a perigee of 10 - 15 km.

2. In the 002 and HEO absorption bands, the radiation near
the horizon can even increase and then slowly decrease, going to

zero for rays with a perigee of 50 - 60 km.

3. As regards the 9.6 um O3 absorptiocn band, quite strong
darkening of the edge of the disc towards the horizon 1s obtained,
and then there is gquite a sharp fall-off 1In radiation in the
outer layer at the fringes of the 10 km atmospheric layer, and

a slow decline for rays with large perilgee.

These laws have a comparatively simple explanation when cne
considers the vertical profiles of temperature and concentration
of absorbing material in the atmosphere, and also the cloud
cover, which can introduce appreclable changes in the nature
of the angular profiles. A detailed account of these toplcs has

been given in a book [B.1l2].
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CHAFTER 3
THE STRUCTURE OF FIELDS OF ATMOSPHERIC PARAMETERS

&8 1. Method of Consfruction of an Optical Meteorological Model

off the Atmosphere

Taking into account the resulfts presented in Chapters 1 and
2 and the special methods used for the problems solved in
this book concerning optical probing of the atmosphere from
satellites, we can suggest a rational method for constructing
an optical-meteorological model of the atmosphere. This model
includes a system of statlistical characteristics for the verti-

cal and three-dimensional structure of the fields of meteorologi-

cal elements and optical parameters responsible for generating
the Earth's radiation field, as well as statistical characteris-
tics for the spectral or angular structure of the latter. A
determination of these characteristics must be based on statis-
tical treatment of a sufficlient quantity of measurements of the
atmospheric parameters considered as random functions of their

arguments.

Let all realizations of a random function fi(x) (i = 1,
2, «.., N) be given in the interval a £ x 2 b or at discrete
points X, (k =1, 2, ..., n) of the interval [a, b] (in this
case, fi(xk) are considered as a set N of random n-dimensional
vectors). We will describe the structure of this ensemble by
the functional characteristics (or their vector and matrix

analogs in the discrete case), enumerated below.
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1. The mean function or the norm

| —
Fo) =5 Jhe), (3-1)

i=1

describing the mean profiles of a given random functilon.

2. The dispersion of the random function
Dy(z) = D 1fi @) (3.2)
i=1 . ]

or the mean square deviation

Gf(x)zVDf(x):‘i (3.3)

which describe the behavior with respect to x of the deviation

£ @) = fi (&) — F2).]

3. The autocorrelation function
.. N : [
By (z, y) = E F@fe) (e<y<b) \ (3.4)

describes the correlation between the deviations f‘i at two
arbitrary levels x and y. For random vectors, the analog of the

autocorrelation function is the autocorrelation matrix

B” (s :r:,) =N 2 fi @) fi (Wfl (3.5)

. i-x

In practice, we often use also the normalized correlation

function

B, (x, 1
— 1t
rer{, y)_mtl (3.6)
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or the normalized correlation matrix

(3.7)

: s B )

Tif (xks .’.EI) = G)’.\(,zk) G_f (:l!” . (
The values of the function (3.6) or the elements of the

matrix (3.7) are coefficients of correlation between the devi-

ations f', at the different polints x and y (or x

N and XZ).

k
b, The system of empirical orthogonal functions, which are
eigenfunctions of the autocorrelation function (3.4}, considered

as a symmetric kernel of the Fredholm integral equation

b
wp @) = § By (z, )0 ) dy, (3-8)

where U are eigenvalues of the kernel Bff. In the discrete case,
the analog of the eligenfunctions are the eligenvectors of the auto-

correlation matrix (3.5).

As has been shown by Obukhov [1] and Bagrov [2], the empiri-
cal orthogonal functions can be used to approximate any random
function f'i(x) with a given error by means of a minimum number
(for all orthogonal systems) of basic functions. Here the ratio
of the sum of the corresponding eligenvalues to the trace of the

matrix describes the accuracy of this approximation.

5. The statistical reilationship between the variations
f'i(x) and the variations of a random function g‘i(y) defined in
the interval c¢<y<d, generally speaking, of another argument y
(and therefore, describing another simultaneously recorded random
atmospheric parameter), are described by the joint correlation

functions

o
fi (=) g (y) j (3,9)

In4=

‘ 1
BJ’E(:EI y) = T

168



or, in the discrete case, by the Joint correlation matrices

N i

Bfg @ Y1) = 2 fi(z,) e ( y,) f (3.16)

The wvalues of the normaligzed function

) B, {z.v)
T1g (2, y):';;&,'ﬂw.‘ (3.11)
and the elements of the matrix
- * _ Bfg(xk! y‘)
T1e e V) = oy, (3.12)

are coefficients for the correlation between f'i and g‘i for
different values of the arguments x and y. Deftermination of the
statistical characteristics enumerated requires only very general
postulates regarding random functions, i.e., stochastic continu-
ity and existence of finite moments of first and second order.

If the walues fi(x) are distributed according to the normal law,
then these characteristics contain complete information on the /
structure of the random function. For an arbitrary distribution,

the moments of higher order must be determined.

Similarly, one can describe the structure of two~dimensional
random functions fi(x, v), but in general the moments will be
funetions of four varigbles. But if one constructs an ensemble
of one-dimensional funections which are sections fi(x, ¥) in
fixed directions 1in the (x, y) plane, then one can obtain the
statistiecal characteristics (3.1) - (3.12), which depend para-—
metrically on the direction. If there is no such dependence, it
will mean that the random field is isotropic.

Two-dimensional statistical characteristics are also obtained
in the case of non-isotrcpic but homogeneous random fields, when
the moments of the function f(x, y) depend only on the displace-
ments & and n along the x and y axes. For example, the correlation
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function will have the form

oo oo

By@n=1§ § 1@+t y+nr e pdedy. (3.13)

S, 4 {

For a homogeneous and lsotrepic field, the ceorrelation
moments of second and higher orders will be functions of a
single variable, the distance e between the points (x, y) and]

{x', y'), e.g.,

Byy(o) = Sf(p N ar. (3.14)

6. An important statistical characteristic is the spec~
tral density, defined for a homogeneous field as the Fourier

transformation

+m too

Sf.f (mxi my) = ];F S S Bf.f (&, T]) exp [”(me + T‘&J\y)‘] dg dTI,

—00 00

where g, o, are components of the two-dimensional wave number

vector.

In the case of an 1sotropic and homogenecus field, the

spectral density will be the one-dimensional function

Sir(0) = - § Borlo)erd., (3.15)

—00 I

The spectral denslity deseribes the dlstribution of digpersicn of

a random function with respect to frequency w.
In the case of locally homogeneous and loecally isotropilce
fields, the spatial structure can also ke described by the

structure function
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+oo
Dy = § e +0)~10Ord (3.16)
which 1s related to the correlation function by the relation

Dy (p) = 21[B(0) — B (o). | (3.17)

These statistical characteristics used to describe the vertical
and spatlal structure of the fields of temperature, humidity,
cloud, and other meteorological elements, as well as the vertical
and spectral structure of the scattering coefflcients, the
absorption functions, and other cptical parameters, constitute
the optical-meteorological model of the atmosphere.* Here one
should bear in mind that the statistical characteristics will be /102
determined from a finite choice of empirical random vectors.
Therefore, estimates of the closeness of these parameters to

the correlation moments determined vigorously with the help of
multi-dimensional distribution functions (see [3]) can be based
on comparison of the results of statistical processing of differ-
ent samples. The same thing holds for application of the theory
of homogenecus random fields to fields of the atmospheric
parameters.

The proposed model, whose specific elements will be presented

below, gives a representation in tangible form of the laws of

the distribution of meteorological and optical parameters, which
are stored, as it were, by the atmosphere from amongst the very
many random variations. However, this model allows us the best
determination of the required information to describe a given
sample of the optical and metecroliogical state of the atmosphere
in terms of some minimum number of measurements of the specific
parameters at the chosen polnts. For this purpose, we use well-
known methods of statistical linear approximation, interpolation,

¥ To this model one must also add the statistical characteristics
of the optical parameters of the underlying surface.
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and extrapolation, used by Gandini [4] for other problems.

In fact, if we know f(xk) at all the polints X, and we have
specific samples fi(xk) at certain points Xy {(k = 1, 2, ...;
m < n), and must determine the value fi,Of this sample|
at the other points Xy £ X then, using the representation

fi (z)) = Zci-”fé'(z,g) (m<zgn)/ (3.18)
k=1 .

and the condition for the functional to be a minimum

i=] k=1

N : ‘'m
F[Cﬁ)] - 2 [fi (@) — N el (mk):la,/ (3.19)
we obtaln a system of equatlions for determining éﬁ.

ng C;s'”Bf! (frk! z;) = By (xka AN (3 .20)

The coefficients of this system are the elements of the auto-
correlation matrix (3.5). Solving the system (3.20) and substi-
tuting the ¢} into (3.19), we can obtain an estimate of the error
in the optimum interpolation of (3.18):

-’ m

5{!)] = By (z,,2,)— Z Bﬁ Ty 371) }

k=1

Similarly, from measurements of fi(xk) we can establish a func-
tion gi(yk) correlated with fi(xk), by using the approximation

¢ (i) = D) df f; (z) (3.21)
=t
and determining the minimum ¢f the funectional
" '1 N . "o ' a
G =5 3 [d w0 — X P 1 @)] ' (3.22)

i=

-

Fe=1
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To determine the df* we obtain the system of equations
-jz a{® By (x5, 2,) = Bz (2, y,,).}[ (3.23)
=1 et

The errors 1in this approximation can also be expressed in terms

of the correlation coefficients rJg

G[d“‘] = Byg (g Yo} — E d¥'B 1q (x5, yy). { (3.28)
=1 ;
The optimum approximation (or interpolation and extrapolation)
can be obtained using the correlation moments of higher orders.
We illustrate this via an example where the random vector gi(yk)
at the point Yy is represented in the form of a power series in

another random vector fi(xk):

i) = Zc"" [fi(a;k)lf".-

m=l

From the condition for a minimum of the functional

y L
“‘)l = 2 {gi (W) — Z e (f )']"".}2'

me=l

we obtain a system of equations for determining cﬁﬂ:

EC“‘)BI”‘) xk! xh)_B )'(yk’zk) ' {m:i,z,..‘ * M)’! (3'25)

i=1 - ’ ‘ I

where

4

I

Byi™( (43 76) = 2} (@I i @)™ B (2, ) = NZm (=N (3.26)

i=1 . i=1

If, in the optimum inferpolation, we take account of uncor-
related errors of measurement due to dispersion, then, as was
shown in [5], additional terms appear in equations of the type
(3.20) or (3.23).
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The use of statistical characteristics to achieve optimum
closures of the system of optical-meteoroclogical parameters used
in investigating the Earth radiation field can be regarded as a
generalization of the method for construction of a closed optical
model proposed by Shifrin [49]. At present, examples have ‘
already been obtalned of statistical characteristics of the
vertical structure of the fields of temperature and humidity
[6 - 13], the boundaries of layer-type cloud [15], and a number
of other meteoroclogical elements [16 - 19]. In addition, charac-
teristics have been computed for the vertical and spectral struc-
ture of the aerosol scattering coefficient [1.8, 1.10], and the
angular structure of the scattering index [1.33, 1.34, 20].

There are also data on the spatial structure of the fields of
temperature and c¢loud [5.21 ~ 25]. The suitably ordered set of
these characteristics can be considered as a first approximation

for the optical-meteorclogical atmospheric model.

As experimental data accumulates, the model must be added
to and refined. For these refinements, one can also use a model
of the Earth radiation field whose structural characteristics
are associated with those of the optical-meteorological model
(see Chapters 4 and 5). Specific possibilities for improving
the model are being identified by soclutlon of the inverse prob-
lems (see Chapters 6 - 9), which results in determination of
specific realizations of the atmospheric parameters. Here the
statistical characteristics are used as a priori information on

the solution.

§ 2. Vertical Structure of the Temperature Field

To study the statistical characteristics of the vertical . /104
structure of the temperature field of the Earth atmosphere, we
use data from radicosonde probing of the atmosphere in various

regicns of the globe and in different seasons.
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Because of the limited number of regular soundings during a
24-hour period and the nonuniformity in the distribution of points
where regular soundings are made on the globe, and also because
satlsfactory and sufficiently complete results of soundings up to
the heights of 20 - 30 km which interest us have appeared only
in recent years, the reliable data available constitute a compara-
tively small group of samples of vertical profiles of the temper-
ature Ti(p). To eliminate daily variations, the soundings of Ti
should be taken during the same perioced, and to eliminate latitude
or longitude effects, the vertical structure is investigated for
fixed points. Therefore, the empirical material is classifled
on the basls of intuitive ideas as to the homogeneity of a
sample of temperature proflles. For example, in [6], the
samples of Ti(p) were combined into eight groups with the follow-
ing designations: continental (Bismark 46° 50' N, 100° 35' W), /105
and oceanic (vessel "C," 52° 45' N, 35° 30' W), statlons for
July and January at 00 and 12 hours, Greenwich time.

The statistical characteristics of Ti(Pk) were determined
from a set of more than 100 temperature profiles in each group at
standard levels Py = 1000, 850, 700, 500, 400, 300, 250, 150,
100, and 50 mbar (we note that the level 1000 mbar usually means
the height of the Stevenson screen in which the ground tempera-
ture is measured).* This kind of breakdown gives an idea of the
fluctuations in the statlstical characteristics due to seasonal

and geographic conditions and to time of day.

The average vertlcal profiles T(p) and the mean sguare
deviations UT(p) for all eight groups given in [6] show the
following well-known pecullarities of the vertical behavior of
T(p) and GT(p), which it is important to take into account for

¥ Top increase the number of samples of Ti(pk)’ Boltenkov [7] used

data from soundings at 60 stations. With this choice of data,
naturally, he obtained smoother characteristies for the vertical
structure.
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our work: the presence of surface inversions in January or at
night in July above a continental area (there are no 1nversions
above the ocean); a considerable daily variation of T(p) at

the surface and a very slight variation above the sea; maxima

of GT(p) at the ground surface in summer, and at levels 500 - 700
mbar in winter (the latter correspond to the cloud layer height)
and at the level of the %tropopause, i.e., at the ground-atmosphere,

cloud-atmosphere, or troposphere-stratosphere interfaces.

Conclusions were also drawn in [6] regarding the vertical
structure of temperature fluctuations T'i(p) = Ti(p) - T(p),
deseribed by the autocorrelation matrices BTT(pk’ pz) or the
correlation coefficients rTT(pk’ pz) (Figure 3.1). For each
level above the tropopause, the values of Trom diminish with
height (apart from certain values of pk), go through zero at
almost the same level near the tropopause, reach large negative
values above the tropopause, and then become close to zero
agaln near p = 50 mbar. If the level p, lies above the tropo- /106
pause, then T diminishes without taking negative values.: This
type of behavicr of Tam corresponds to the typical behavior of
temperature fluctuations with height: positive values of T'(p)
in the troposphere are usually accompanied by negative values of
T'(p) above the tropopause, and conversely. The physical nature
of this phenomenon is not clear. It can be supposed (see [6]),
that, for example, heating of the lower atmospheric layers due
to radilation, advection of heat, or other factors, creating
expansion of the entire atmospheric layer, leads to cooling of
high atmospheric layers, since at these levels the above factors
may not act, and expansion occurs due to decrease 1n internal
energy and therefore, to decrease in temperature (similar reason-
ing can also be applied to the case of cooling of the lower
layers). The above properties of the correlation matrix BTT
were confirmed by calculatlions in [7], which used averaging over
many radiosonde stations, and investlgated the latitude behavior
of BTT for two meridian sections above the continent and the
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Figure 3.1. Vertical behavior of the correlation coefficient
P [6] for the Bismark station in January (so0lid lines) and

July (broken lines). The levels P (in mbar) are: 1- 1000;

2- 850; 3~ 700; L- 500; 5- 400; 6~ 40O; T- 250; 8- 200;
9- 150

ocean [8]. In addition, as can be seen from Figure 3.2, there
is a tendency for a reduced correlation at lower latitudes,
Reduced values of rTT(pO’ pk) are observed particularly at the
interfaces, above the underlying surface Py at the level of
the tropopause, and also above layered clouds (see § 14).
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Figure 3.2. Latitude dependence of the correlation coefficlents
Cop(Pgs Py
a- continental section: 1- Arkhangelsk (64°); 2- Vologda (59°);
3~ Kursk (51°); U- Rostov (U47°); 5- Tuapse (44°); 6- Ash-
khabad (36°); b= ocean sectlon: 1- vessel 1 (44°); 2-

vessel 2 (52°); 3- vessel 3 (35°); U~ vessel 4 (62°); 5-
Cape Zhelaniya (73°). The latitude of the points is given in
brackets

The increase in the ceiling for radiosonde work and the
increased number of rocket soundings have permitied investigation
of the vertical structure T(p) at large heights. Examples of
Coms obtained in [26] from radiosonde data up to the 2 mbar
level [39], show that the variations of T in the 20 - 30 km
atmospheric layer may again be positively correlated with T' at
the surface and in the lower troposphere. We note, finally, that
all the laws mentioned above for the vertical structure of the
fields of T(p) were also obtained in [10, 11].
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§ 3. Vertical Structure of the Humidity Field

Because of difficulties in making reliable measurements of
atmospheric humidity (particularly at great heights), the
vertical structure of the relative concentration of water vapor
q{p), treated as a random function, has not generally been
investigated until recently. The first statistical characteris-
tics of the structure of g(p) were obtained by Popov [6] from
the same radiosonde data considered in § 2 of this chapter for
the temperature fleld, at six standard levels below 300 mbar.

Examples of average profiles q({p) and mean square deviations

UO(p) are given in Table 3.1.

To allow extrapolation to large heights, the curves were
approximated in [6] by the formula

T =% (L) (3.27)

Po

or by fthe exponential law

g (2) == Yo% (3.28)

Here ¢, p,! are the mean specific humidify and the air pressure

at the ground surface; and %, o are emplrical parameters.

Table 3.1 shows that the parameters k and o vary slightly
in the conditions considered. However, Egquations (3.27) or
(3.28) provide a good approximation only in the free atmosphere.
However, in the atmospheric boundary layer, especlally over the
continents, the actual profiles of q,;(p), like those of alp),
depart seriously from the distributions of (3.27) or (3.28).
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TABLE 3.1.
AND
N cq(p)

EXAMPLES OF THE VERTICAL PROFILES OF d(p)
AND VALUES OF THE PARAMETERS ao, o AND x
IN EQUATIONS (3.27) AND (3.28)%

Bismark, January
q0=3.3, g/kg, o=0.391,

\'Bigmark, July Eoéiz,
g/kg, o=0.447, km 1,

: o 170 i
‘p, mbar km *, k=3.00 k=3.54
] 9% ? C
1000 1,92 4,05 7,73 2,01
850 1,76 0,98 6,82 1,72
700 1,08 0,70 3,92 1,56
500 0,40 0,23 0,96 .0,66
400 0,18 0,17 0,52 0,30
300 - — 0,10 0,10

Vessel "C", January

qp29.4, g/kg, 0=0.440,

Vessel 'C", July
qo=9.4, g/kg, a=

[em Y, k=3.54] | 0.440, km 1, k=3.53
L4000 " 4,00 1,42 7,28 1,57
.. 850 2,32 1,52 5,18 5,40
.. =700 1,17 1,04 " 3,05 2,85
500 0,36 a.11 . 0,90 0,41
© 400 0,17, ¢,013 © 0,38 - 0,07
300 — — 0,13 0,003

¥ Translator's note:

Commas 1in numbers represent decimal points.

There is an interesting decrease in the correlation moments of]

tﬁe matrices th(pk, p,) and rqq(pk, p;) (Figure 3.3) between the \
levels 700 and 500 mbar, due, probably, tothe formation of clouds at||

that layer. Therefore, the fluctuations of humidity here are deter-|

mined not only by mixing, but also by condensation processes,
Thus, as was true for the temperature field, the vertical struc-
ture of the humidity exhibits "interfaces," at which the fluctu~
ations of specific humidify are slightly correlated with q' at
the other levels.

Similar results were alsoc obtained in [8, 1z,

26] from more complete radiosonde data.
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' Figure 3.4. Correlation
ol N ‘ coeffiecients qu(pk, pk) for
%y 25 qyaygaf January (solid lines) and
' July (broken lines)
Figure 3.3. Vertical behavior a- calculations of [3.6] for
of the correlation coefficients the Bismark station; b-
rqq(pk’ pz) in January (solid caleulations of [26] from

lines) and July (broken lines). the data of [9]
Thelevels]pk (in mbar) are:
1- 1000; 2- 850; 3- 700; A4- The relationship of the
5005 5- 400 fluctuations q'! and T' at the
different levels 1s described by the Jjoint correliation matrices
BqT(pk, pz) and qu(pk, pz). The results of calculations of
BqT and qu, given in Figure 3.4 for summer and winter months at
continental and cceanic stations from the data of [6], indicate
censiderable differences between qu(pk, pl) for the winter
(0.8 = 0.9) and for summer (0.3 - 0.4) above continents (roughly

the same ratio r was obtalned for land and water). The causes

gT
of these differences are probably processes occurring during
temperature fluctuations in summer conditions above dry land,

and causing humidity fluctuaticns of opposite sign.

In particular, the increased temperatures in surmmer in the
surface layer implies, cn the one hand, an increase in specific
humidity due to increase of evaporation, and, on the other hand,
a decrease of q(po) because of convective fluxes which reduce
the humidity at the ground surface. The effect of this kind of

opposing factors is 1llustrated in the curves of r in Flgure

qT
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Figure 3.5. Latitude behavior of qu(pkpk) for the same

sections as Figure 3.2
a- continental section; b- ocean sectlon
obtained by Boldyrev, et al. [8] for the above-mentioned

It can be seen from Figure 3.5 that there

3.5,
meridian sections.
is a large latitude variation of T oT where qu decreases

toward the south. TFor example, in desert conditions (Ashkhabad),

this kind of correlation between g' and T'
at all levels. In [8] the decrease of roT toward the south is
due to an increased moisture deficit, the result of which 1is
that even considerable temperature fluectuations deo not imply a
This hypothesis

is practically absent

variation in the specific mocisture content.
receives some support from the more uniform latitude behavior

of qu above the ocean.

The latitude behavior qu is probably associated with other
processes, in the first place wilith condensation and cloud
formation. This 1s precisely why almost all the curves of qu
have minima, corresponding to the condensation levels (see
Figures 3.Hand 3.5). However, for more reliable concluslons and
reliable use of the characteristics examined,
calculations for different seasons, regions of the globe, time
of day, cloud conditions, and certain specific conditions (e.g,,

It is alsc interesting to determine

one must carry out

temperature inversions).
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qu and BqT at great heights. The results of processing the
radiosonde data of [9] confirm the basic peculiarities of the
vertical behavior of qu and r in the lower troposphere,

Qd
obtained in [6].

§ 4., Vertical Structure of Boundaries of Stratified Clouds

™~
'_l
<o
O

To take account of the effect of random cloud fluetuations
on the variation of the Earth radiation field is an extremely
complex matter, even if we consider clouds as a radiating or
reflecting surface, i.e., ignoring the fluctuations of micro-
structure, geometric thickness, water content, radiative trans-
fer process in the cloud and a configuration of its boundaries.
For reflected solar radiation, the effect of this simplified
model of a cloud could be accounted for using fluctuations in the
brightness coefficient or the albedo, by relating these optical
parameters to some cloud parameters capable of comparatively
simple measurement (e.g., the height of the top boundary,
thickness, and molsture content). However, the absence of data
on simultaneous measurements of the characteristics of the
reflectance and any other cloud parameters does not allow us at
present to establish such relationships experimentally. In
addition, because of very strong scattering and comparatively
weak absorption of short-wave radiation in a cloud (outside
reglons of absorption bands of water vapor and other atmospheric
gases), the formation of reflected radiation takes place in quite
a thick layer of cloud and therefore its fluctuations depend
on many parameters of the latter.

The gqguestion of fluctuations in the self-radiation is some-
what simpler. Since the thermal emission is very strongly absorbed
by water droplets, the formation of the emission of a sufficiently
dense cloud takes place in a comparatively narrow surface layer
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and 1is determined in practice by the temperature of the top
boundary of the cloud.* Since we have already numerous data

from aircraft measurements of the positions of eloud boundaries,
and vertical profiles of temperature and humidity in a sounding
layer, including cloud boundaries (see e.g., [27]), we can obtain
statistical characteristics of the vertical structure of e¢loud
boundaries and the corresponding meteorological elements. It is
natural to begin to determine these characteristics for stratified
clouds as being the simplest cloud formation, and this has been
done in [5] from data of aircraft soundings, obtalned by Polovina
[27] in the daytime with a ten-point, single~layer, massive
stratus and stratocumulus cloud during the cool and warm half-
year perilods.¥*%¥

The homogeneity of the experimental data was determined from
the qualitative characteristics of the cloud type, which entalled
the inclusion of several "extraneous" cases in the samples being
considered (as will be shown below, these cases can be detected
by means of objective statistical characteristics of the cloud
field).

The experimental data for each half-year period included two
groups of independent data, each containing more than 100 values
of the temperature T(zk) and the specific humidity q(zk) at
ten fixed levels Zo from z, = 0.15 to 5 km (this included the
850 and 700 mbar isobars) and at levels varying from case to

case: at the lower and upper cloud boundaries h., and h2, and

1
also at the top boundary of the inversion layer h31 The heights
of the hm boundarlies were alsc treated statistically with T(zk)

and q(zk).

* An exceptlon is the transparent windows in which radiation from
the clouds can be distinguished from blackbody | radiation at the
temperature of the upper boundary.

¥%# The cool season includes cases of soundings from November to
March, and the warm season includes the remaining months; there-
fore, within each half-year period, the distribution of sounding
cases was qulite nonuniform.
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We can immediately calculate f(zk) and a(zk), the mean

helights of the interfaces Em’ the correlation matrices BTT(Zk’ ZZ),

qu(zk’ ZZ)’ BqT(ZkZZ)’ BTh(Zk’ hm)’ th(zk’ hm)’ th(hm’ hs)’
as well as the appropriate correlation coefficients relating
the variations T'(zk), q'(zz) and h'm(k, Z =1, 2, ..., 10;

m, s =1, 2, 3).

Tables 3.2 and 3.3 show the mean helghts of the cloud
boundarles and of the Ilnversion layer Em’ the mean square devi-

atlons ¢ the mean temperatures T(zk) and humidities a(zk),

h’
together with thelr mean square deviations UT and Gq at these
boundaries, and the correlation coefficients Ty and rbq'
An interesting feature 1s the almost exact coincidence
between the mean helghts of the ecloud boundaries and the inver-

sion, and also their digpersions in the warm and cool periods

of the year; here the mean cloud thickness Ah = h, - h, = 0.4 km

2 1
proves to be comparable wlth the mean square deviations of the

boundary heights. This result may be due in part to the abhove-

mentioned qualitative approach in the distribution of clouds with]

season, although the main cause 1s apparently the physical
mechanism of the formation of stratified e¢louds {(which, as

follows from [28], is as yet unclear),

It is interesting to note several peculiarities of the

temperature at the upper cloud boundary: the mean values T here

differ markedly from the analogous values at the same level in
the atmosphere (the figures in brackets), in comparison with the

corresponding differences for the lower boundary of the clouds

or the 1nversion boundary. This is due to the special situation

of the upper boundary of the clouds as being a surface whose
radiation 18 not compensated by counter-radiation of the

atmosphere.
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TABLE 3.2. STATISTICAL CHARACTERISTICS OF BOUNDARIES
OF CLOUDS AND AN INVERSION¥
m | B | T, oC ‘Egﬁﬁx'ﬂnm: “wg/£k|MT The
k| | o] i AN ] '
warm half-year period| _
1 061 0,38 | 5.4(6.2) 5,9(5.8) | 3.9 1,8 | —0.22 | 0,29
2 |0,99 | 0,39 3.6(2,3) 5,6(5.5) 3,9 2,5 —0,23 0,04
3 (1,2 0,40 5,2(4,9) 5,3(5) 4,5 1,7 —0,15 | —0,21
. cool half-year period|
i1 ]0,60 |0.,3 |—6,7(—6) 2,2(2,3) 3.4 0,74 } —0.20 | —0,16
2 10,97 |0,37 | —8,9—5,6) 2,1(2,3) 3.5 0,66 | —0,19 | —0,12 -
3 (1,29 {0,309 | —3,9(—5,3) |2,12,0)| 4.2 0,9 0,31 | —0,20

¥ Translator's note: Commas in numbers represent decimal points.

TABLE 3.3. CORRELATION MATRICES th(hm’ hs) AND CORRELATION

¥
COEFFICIENTS r,, (h , h_)

m |warm half-year period|| cool half;year periocd

0,132

1 0,147 0,120 0,119 0,414 | 0,099
2 0,89 0,154 0,440 0,88 0,139 0,127
3 0,79 0,90 0,158 0,73 0,88 ° | 0,151

¥ Translator's note: Commas in numbers represent decimal points.

The elements B (in kmg), are located on and above the

hh

hh
diagonal; rhh(hm, hm) = 1.

Note:

main diagonal: the r elements are located below the main

The correlation coefficlents Py between fluctuaticns in
the cloud boundaries and the temperature fluctuations at these
boundaries (of the order of -0.2) are unexpectedly low (although

they are also negative). The variations in the boundary levels
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Figure 3.6. Vertical distributions of the correlation coefficients
of [15] for the warm (solid lines) and cool (broken lines) half-
year periods

a- rTT(h2’ zk); b~ (hg, zk); c- qu(Zk’ ZZ)

Taq
are very weakly correlated with the atmospheric temperature and
humidity at other levels (see [15]). The other moments, e.g.,
of the correlation between the temperature or humidity at the
level h2 and at all the higher levels Ze s
Figure 3.6 a, b). The same result can be seen in Figure 3.6 c¢, /111

are quite high (see

which shows the correlation coefficients qu at the same levels.
An Interesting feature is the rather large value of qu = 0,96

at the cloud boundaries for the warm period (qu = 0.56 at the
Earth surface for this period, which confirms the comment above
regarding the effect of clouds on|reducing the value of qu in
the surface layer during summer). In the cool pericd, the oppo-
qT = 0.93 at the ground and the
lower cloud boundary, and 0.68 at the upper boundary. An

site situation is observed: r

interesting point is the high coefficient obtalned in the calcu-
lations of [15] for the correlation between fluctuations of the
levels of the upper and lower cloud boundaries, and also between
the latter and the inversion level (see Table 3.3). A close
correlation of the boundaries like this allows us to resoclve the
interesting practical question of optimal distribution of the
height of the upper cloud boundary from measurements of the

lower boundary from the ground, and, conversely, to determine
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the height of the lower boundary from satellite measurements of
the upper boundary. Taking into account the rather high
correlation between the temperature and the humidity at the two
boundaries, this question can be resclved for T and d.

Regarding the other meteorological elements, the charac-
teristics of whose vertical structure are reguired for investi-
gating the fluctuations in the radiation field, we should mention
the ozone concentration m(p), the pressure p (or the geopotential
H) anad the ailr density p. Examples of constructing autocorre-
lation matrices BPP or BHH have been given by Obukhov [1],
Rukhovets [16], and Mertsalova, et al. [17]. HNumerous calcula-
tions of the statistical characteristics of the structure of the
vertical distribution of the atmospherie density have -been per-
formed by Cole and Court [18]. The structure of the m(p)
profiles were investigated in detail by Shafrin [19]. However,
these characteristiliecs will not be used directly 1n this book, and

we therefore restrict ourselves simply to these references.

§ 5. Structure of the Aerosol Scattering

The main fluctuations of solar radlation scattered by the
atmosphere are due, as was shown in Chapter 1, to the spectral
and vertical fluctuations of the coefficient b(Xx, z) and of
the aeroscl scattering index Yl(z’ ®), as well as to variations
in the angular behavior of the latter. For an optimum descrip-
tion of these fluctuations, one must construct the system of
statistical characteristics listed in § 1 of Chapter 3 of the
parameters b(i, z) and YA(Z,(D), regarded as random functions

of their arguments.

In 8 2 of Chapter 1 we presented the average dependences
of b(A) on A in the surface alr layer (z = 0) and the vertical
profiles of E(Ai, z) for some wavelengths li. The measured data
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Figure 3.7. Correlations coefficients r calculated from the

bbh?
measurements of b, in the surface layer [1.8] (broken lines) and

the ocean layer (solid lines} [1.7] of the atmosphere

allows determination for these cases of the autocorrelation
matrices Bbb(li’ lj) and Bbb(zk’ ZZ)’ and alsc the joint corre-
lation matrices Bbq(zk’ ZZ)’ Bbu(zk’ ZZ)’ and BbT(ZK’ ZZ) (u is
the relative humidity). As regards the scattering index YA(Z,CD),
the available measurements are only adequate to determine the
characteristics of 1ts angular structure in the surface air layer
and at certain heights (examples of these characteristics for the
halo part of the index have been given in [1.34]3, and for large
angles @, in [1.33, 20]).

The correlation matrices Bbb(Ai, Aj) were obtained by
Georgiyevskiy [1.8]|from extensive measurements of b{(A) in the
surface air layer for the spectral range 0.35 - 1 pym. It can
be seen from Pigure 3.7 that there is qulte a eclose correlation
between b'(li) for different Ai (Pbb
throughout the whole range). Similar characteristics were

is greater than 0.75

determined by Koprova [1.10] from the measurements of Knestrik,
et al. [1.7] in the surface air layer over water for the spectral
range 0.45 - 2.5 um; the value of Thp turned out te be substan-
tially larger than for the ground layer in the region A < 1 pm.
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Figure 3.8.

0

the measured [1.8] and calcu-
lated [1.9] aerosol attenu-
ation ceoefficients b from

Eguation (3.29)

extrapclation.

)\J

by =F() +

4

Al 82 7 BV 85 £F G7F,km

Regression between

This high correlation of b'(X)

enables us to carry out very good
extrapolation over the spectrum

with an acceptable accuracy and

thereby to determine the spectral
behavior of the scattering coef-

ficient in a specific situation

from measurements of b{i) for

one or several wavelengths. We

illustrate this with the example

of measurement of b(AO) at some

fixed wavelength A

0

Directly

from the value of b(AO) and the

set of average scatfering coef-

ﬁicients shown in Figure 1.3,

we find the norm B(A), which it
!
is convenlent to use in the

By, (A, )., ‘
l3bb(l°'ﬁﬂ),‘§-(zm)i}

Then, determining b'(lo) = b(kO) - E(AO) and using
Equation (3.19) with m = 1, we obtain the result that for all A:

(3.29)

The mean square error in determining b'(A) from Equation (3.29)

is given by

8 () =W V 1= rhs (o, ) |

(3.30)

As was shown 1n [1.81 and [1.9], the error for B(A) does not

exceed 30%.

regresslion between b(X) and b(A).

190

The true errors are shown in Figure 3.8 by the

/113



The statistical characteristics of the vertical structure
of bl(z) were calculated by Koprova [1.10] from alircraft measure-
ments of aerosol attenuation in the troposphere (6 - 7 km) [1.6]
and the data of projectile soundings [1.13] up to 35 km, and
also by Faraponov from the measurements of [1.5]. The vertical
behavior of BA(Z) and Ub(z) for A = 0.5 and 0.65 pm, resulting
from these calculations, is shown in Table 3.4.

— -1
TABLE 3.4. VERTICAL BEEAVIOR OF bA(z) AND ob(z) (IN km ~)*%

(l) - i

"

= o o

N

m o z, km

e By -

o3

PO

| w0 1] 4,5 1 1,5 2 2.5 3 3,5 i 5 6,5

—-
Bos | [16] | 0,175] 0,009 0,072| 0,053 0,043| 0,035/0,027 [0,022 |0,020 Jo,17 0,010 !
h 0,135] 0,040; 0,030| 0,028| 0,028/ 0,021/0,016 (0,011 |0,012 [0,042 (0,000
Buss | [1.13]} — — — — | = — 0,082 (0,0276 10,0284 |0, 02480, 02300
o — — — —_ — — |0,0%5110,0%50(0,043 (0,0239(0,0225-

z, km|
B i0 12 14 16 ’ 20 25 l 30 | 33 33

B85 UﬁmmW%mmwhm%hmmooka%ommmm@hmm — {0,0%1
ap e 0,0%22'0,0218,0,0%16(0,0242'0,0240 0,0:11(0,0%78'0, 0334|0,0%15| — [0,0'5%"
boes | [29]] — — — — —  10,0%30,0,0221 0.0357|0,0319 0,0%13] —
oy - — — —_ — 0.0‘2150,09900,032710,0*94]0,0310 —

¥ Tpranslator's note: Commas in numbers represent decimal points.

The correlatlion coefficlents rbb(zk’ ZZ) obtalned from the
measured data of [1.5] and [1.6], are shown in Figure 3.9. From
comparison of the corresponding curves we can see that the
typical features of the vertical behavior of rbb(zk’ ZZ) are
1dentical, which is evidence of the correctness of the statisg-
tiecal characteristics. The most important property of these

191



Z, kml

ﬂlllltll : TS S PO N ILEN T T N AN N Y B

72 74 4F 4 10 ~0F A ilry,

Bigure 3.9. Calculations of correlation ccefficients rbb
a- from measurements of bl(z) [1.6], A = 0.5 ym; b- from
measurements of [1.51, A = 0,45 um

A

characteristices 1is the rather weak correlation between b'l(z)

in the atmospheric boundary layer and at the ofther levels =z.

The probable cause is difference in the processes accompanying
the formation of aeroscls at different heights in the atmosaphere
and leadlng to the formatlon of aerosol layers. As was true for

the meteorological parameters, the aerosol attenuation coefficlent

within a given layer or at the infterfaces is slightly correlated

with b'l(z) in another layer.

In order to explain the causes of these peculiarities of the

vertical structure of b'l(z), we must examine the Joint corre-

lation coefficients qu(zk’ ZZ)’ rbT(Zk’ ZZ) and rbu(zk’ ZZ)

(Figure 3.10) where u is the relative humidity. The figure shows
that r = 0 under summer conditions at the ground surface, while

bu

r = 0.5 in the 1 - 3 km layer. But in winter conditions »r

bu

bu

0.3 - 0.5 near the ground, while outside the boundary layer

these coefficlents are close to zero (or even negative).
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Figure 3.10. Calculations of the joint correlation coefficients
a- rbu(zk’ Zk) from measurements [1.6]; solid lines are for

winter, broken lines are for summer; 1, 2- A = 0.7 ﬁm; 3, A4-
A = 0.5 um; b- from measurements of [1.5]; 1- rbq; 2= Ty’

3= T

absence of correlation in summer at the ground surface is
probably due to the same causes as the weak correlatlon between
q' and T' (see Figure 3.4). 1In fact, the fluectuations in bA(z)
are determined by the fluctuations in u, which are large 1n the
summer at the ground and depend both on the absclute humidlty and
on the temperature variations. In most cases an increase in
humidity, which leads to an increase 1in bl’ is accompanied by the
development of convection and turbulence, the result being that
there is a transport of ground aerosols to higher layers of the
atmosphere, i.e., a decrease of bA(O) and an increase of bl(z)

at the other heights. The combination of these processes also
leads to the formation of the vertical structure of b'h(z)
obtained in summer. As was shown by Rozenberg [30], the type of
air mass must play an lmportant part here, i.e., the nature of
the condensation nuclei. However, the quantitative characteris-
tics of this parameter have not as yet been determined with a

completeness sufficient for our purposes.
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Figure 3.11. Calculations of correlation coefficients from
measurements of [1.5].

a- th(Zk’ ZZ): 1- zZ, = 0; 2- 0.5, 3-1.5; U4~ 2.5; 5~
3.55 6- 4.5; 7-5.5km; b: l-r (z., 205 2= 1 (2, 203
3_ PTT(Zl{, Zk)

When we consider the values of b and Pbu obtained, we
must not exclude the effect of errors in determining bl(z),
resulting from differentiating the directly measured values of
atmospheric transmission. Therefore, for practical applicatlons
it 1s expedient to use correlations for integral characteristics

of aerosol attenuation and humidity as well, i.e., the optical

depth

and the water vapor mass

w(@) = pult) dc}

Naturally, here the above errors are reduced, but the dependent
random guantities are functionally correlated, and so the corre-

lation coefficients rTT(zk, ZZ) increase notlceably. The jolnt
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2l ~ o , .
2.k — ~ correlation rTw(zk, ZZ) also

. \ .
‘r \e _ e becomes tighter (Figure 3.11).
R (O - - | However, even these characteris-
, . S -t tics reveal the layered nature
72 S | N\ o o of the aerosol atmosphere (rTT
1
A AR - . || decreases sharply above 3 to I
1‘ x\\\ . I kIH).
g \ \\\\\'\ .
' N S 8
? "{ N 1 Using the statistical char-
/.—
NN \\\ acteristics obtained, it is not
. K ™ 3
p R N ] difficult to find the vertical
' ar- 4z 7% | . .
' : behavior of bA(Z) or TA(Z) in
Figure 3.12. Comparison of the optimum fashion from measure-

profiles of t(z) ments of these gquantities at some

The so0lid lines are measure-
ments of [1.5]; the broken
lines are calculated by the the optical depths at various
optimum approximation method

point z. Examples of determining

levels z from measurement of T{0)
at the ground surface are given

in Figure 3.12.

The examples given shoulé be regarded only as an i1llustra-
tion of the empirical approach o the determination of complex
relationships between meteorological and optical characteristics.
In spite of the weak joint correlation, the results obtalned
contain some information on the possible processes which contri-

bute to the vertical structure of aerosocl attenuation.

5.3._ Angular Structure of the Scattering Index
From the numerous measurements of the scattering index in

the surface air layer for the range of scattering angles o =

12 - 168° [1.33], and for the halo part of the index o = 0.3 - 6°

[1.34], statistical characteristics have been constructed for

the angular structure of the coefficlent of directional aeroscl
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Figure 3.13. Corrclation coefficients rYY and op

a- from measurements of [1.33], A = 0.5 um; b- from measure-
ments of [1.34], X = 0.47 um; c- from measurements of [1.34],
A = 0.888 um

scattering yv(®) in the visible part of the spectrum. Unfortun-
ately, the experimental conditions did not allow the authors

[1.33, 1.34] to determine these characteristics for comparable
types of optical conditions: in [1.33], the measurements were
performed for atmospheric mist with a typical effective particle
radius of 0.1 - 0.2 um, while in [1.34], they were done for

foggy mist and fog with typically coarser partiecles of 1 - 30 um.
This makes it impossible to obftalin the angular structure throughout
the whole range of angles @ for the diverse atmospheric conditions.
We note also that., owing to large variations in the scattering
index (by several orders in the above range of angles @), the
statistical characteristics were determined for D) = 1g yv(®).
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The examples of the normalized correlation matrices nm(mh,¢m /117
shown in Figure 3.13,] 2 show that, in the scattering angle range
10 - 170°, there is a close correlation of the fluctuations in
the coefficients of directional scattering. A noteworthy
feature is the minimum rop T 0.74, corresponding to ¢ =135, 1i.e.,
the rainbow region. In the halo part of the scattering index
(Figure 3.13 b, ¢), the fluctuations of % (¢ in the small angle
region (p < 2 are negatively correlated with the fluctuations of
Y' 1n the region ¢>2%, while with increase of the wavelengths
at which the measurements were taken in [1.34], the transition
of the correlation coefficient through zero shifts to the region
of larger angles. We note that in the region of large @, the
correlation increases. Similar differences in the correlation PYY
for large and small @ were obtained in [20] for the brightness
index at height 17 km.

An explanatlon of the statlstical laws of the angular spec-—
tral and vertical structures of aerosol scattering can be given
from study of the nature of the formation mechanism and the
structure of particle size distribution under actual conditions.
Scme of these problems, which make up a special sectlion of
atmospheric optics, fall outside the scope of the present section.
The only exception 1ls the matfter of certain formal connections
between the statistical characteristics of the spectral and
angular structure of the scattering coefficient and scattering
index and the statistical characteristics of particle size

distribution.

As 1s known (see e.g., [B.5]), the aerosol scattering
coefficlent b(A) and the scattering index v (9)) are connected with
the particle size distribution functionf(p)by the following
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relations:

@ |
oG = Y ks 00) () dpi (3.31)

7 () = \f»z (p, 0)f () do. | (3.32)

In Equations (3.21) and (3.32), &, (\p)and k, (v,p)are known
functions and describe the scattering coefficient and scattering
index of a single spherical particle of radius p. These rela-
tions, considered as integral eguations, are customarily used
to determine f(p), and in fact the integration in (3.31) and
(3.32) is carried out in a finite range of the dimensions (a, b).

It is not difficult to obtain, from Equations (3.31) and
(3.32), a relation hetween the statistical characteristics of
the scattering coefficient (or index) and the distribution

funection for the mean values

b

JORBLAY p)dp, (3.33)

_ 5 o
7@ = $ ka0, 0)7 (o) dp | (3.34)
and the correlation functions

(3.35)

R T ' ‘
Buy (b V) = § 0 (4, 0) 1 (4, 0) By o, 071 dp '

(3.36)

‘ - bbb,
Bw(cp.:cp’)=§§ fp,p)kz(w,p)ﬂn(p,p)dpdp
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Similar relations can be obtained for the joint correlation /118

functions

b b
Boy (b 0) = § § 11 (1, 0) K (0, 07) By1 (0, 0') dp dp's (3.37)

b
Boy (0,9) = § s (4,0) By 0, 0) 1 (3.38)

,

b o
By (9,0').= § k2 (9,0) By o, ') dp.

| (3.39)
Thus, the correlation functions for the optical aerosol
parameters can be expressed in terms of the correlation function
Bff Tor the size-spectrum of the particles. Therefore, the value
of the correlatlon between the random fluctuations in the attenu-

ation coefficient B, (b, A') at different wavelengths A and A' (or

of the scattering index B, (g, ¢'), at different scattering angles

@ and ') 1s determined within the framework of the universal
relations (3.31) and (3.32), the only uncertainty being the
welghts to be taken in Equations (3.35) - (3.39) for the correla-
tion By {p.p’) for the different radil p and p'.

Investigaticons of the statistical characteristics of the
structure of aercscl particle size distribution functions were
done in [1.8] and [1.34] from the results of measurements of
aerosol particle spectra| obtalned using filters. Figure 3.14
shows normalized correlation matrices r;{pwp)l describing the
relation between random variations in the number of particles of
various siges in mist and fcg conditions. There is quite a close
correlation between the number of particles of adjacent sizes,
and 1t rapidly diminishes with increase in the difference of the

particle siges.
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Figure 3.14. Normalized corre-
lation matrices rff(pk’ pz)

for fluctuations in the
aerosol particle size distri-
bution functions

a- atmospheric mist [1.8]; b-
fog [1.34]

mechanisms for different sizes,

_ An interesting feature is the
rather pronounced minimum of Top
in the medium radius region for
the particle size range considered
(for particles whose radii 1lie in
the range 2<{p < 6'um, a rather
definite minimum of Top corres-
ponds to d=2p= 3um; Tor the

range 2 < p < 20um, the minimum is
strongly smeared, and corresponds
to d=2p=12-"14)um).

The presence of these minima
of correlation is evidence as to
the exlstence of some statlistical
law for the formation and disin-
tegration of particles of fine,
medium, and large size. Without
considering speciflc mechanisms
for the process of aerosol for-
mation (see [30], we note that
a decline of correlation in the
medium size region can indicate
either a difference in these

or the exlstence of a mechanism

where the formation of particles of various sizes proceeds from

disintegration of particles of other sizes (some confirmation of

this process comes from the resulfts of measurements of concen-

tration of droplets of different sizes, obtained in [31]).

The second alternative should lead to negative correlation

for certain values of p. The absence of this feature in the

curves of Figure 3.14 could be due to the existence of a process

leading to fluctuations of opposite signs in the number of
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particles of corresponding sizes, and also to the large errors
of measurement of particle spectrum by means of filters. The
results obtained and the hypothesis concerning anticorreiation
of the variations in the number of particles of different sizes
allows us to explain the special features of the spectral and

angular structure of aerosocl scattering parameters.

It is known (see e.g., [B.5]), that the scattering coeffi-
cient b(X) is determined mainly by small particles whose number
is an order of magnitude greater than that of large particles.
The close correlation between variations and sizes of these
particles is the cause of the large positive correlation between
b'(A) for different values of A. For larger A, the variations
in b'{(}) are determined by larger particles which are less
intercorrelated, which also causes attenuation of the correlations /119
of b'(A) for small and large wavelengths. We can similarly
explain the high correlation of the index variations 1n the

angular range ¢ = 10 — 170°.|

However, in the range of small ®, the variations in the
scattering index are determined by variations in the number of
large particles, and with increase of @, by variations in the
small particles. Therefore, the structure of the correlation
functions B, (p,¢") can be fully explained. The anticorrelation
for large and small angles @ can arise only when the varilation
in the number of small particles i1s anticorrelated with variations
in the number of large particles, as would follow from the above
hypothesis concerning the mechanism of formatlion and disintegra-

tion of particles of different sizes.*¥ A close positive

# Statistical reduction of direct measurements of the spectra of
particles 1n fog confirms this/conclusion as to the existence of
anticorrelation of the number of large and small particles [3.14].
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correlation between variations of the index at large scattering
angles reflects a posltive correlation between the variations
and the number of small particles governing the index in this

region of .

Incidentally, the shift towards the large @ region of the
zeros of|the correlation coefficlents rv (g, 9')|for A= 0.888 um
(see Figure 3.13 <¢) is evidence of the inereasing role of the
medium and large particles in scattering of this wavelength of

radiation in a wider interval of small angles ®.

The above conclusions can also be obtained from analysis of
Equations (3.35) and (3.36), if we assume that the correlation
function By (p,p’) for fixed p changes its sign when p' takes cer-
tain sufficiently large values. In fact, the kernel ki (A, p) in
Equation (3.35) is an attenuation coefficient for radiation of
wavelength A' by a single particle of radius p, and is given
for spherical particles, by the Stratton-Hayton functlon £1.53,
which approaches a constant value asymptotically, even for small
0. Thus, the welght accompanying the values of the correlation
function By, {p,p')for fixed XA, but for different p, is roughly /120
constant (apart from at very small p). But, since the number
and the dispersion of small particles are large, the main con-
tribution t0 the correlation function By (A, A')comes from the
correlation moments B, (p.p’)for small particles. The role of the
correlation moments between small and large particles for which
there is an anticorrelation is small, because of the low values
of these moments. Therefore, the presence of negative values of
By (p,p"Yin the region of transition from small to medium and large
particles cannot seriously diminish the correlation of the}
attenuation coefficient with respect to A.]
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As regards Eguatlon (3.36), the situation 1s somewhat more
complicated. The kernel kzﬁhpx for small angles @ 18 glven, as
is known, by the formula

T @) .,
q)‘i: p!

ky (i, p) == | (3.450)
where J (p,p)| is a Bessel function; 5‘:2mwx, 50 that k2 depends
also on A.

It follows from Equation (3.40) that at small ¢ the kernel
ky ~pY, i.e., it is large only for large particles, while with

increase of @ the kernel k, rapldly decreases and becomeg uniform.

Therefore, in determining %Rw(m,ww for small @ from Eguation
(3.36), the negative correlation moments Byp,p'), which must
exist, according to our postulates, between the variations of
small and large particles, enter into the integral (3.36) with
large weight. The result is that we obtain a negative correla-
tion between variations of the index at small and large @.
Looking now at the large @ reglon, we egualize the welght of

the positive correlation moments Bff which are large in absoclute
value, between the variations of small particles and the compara-
tively low negative moments between small and large particles.,
As a result, we must obtaln a positive correlation between the

variatlons of the index at large values of o.

This superposition of the correlation relationships between
variations in the number of large and small particles manifests
itself, very probably, alsco in the rather marked separation of
PYY for large and small angles.

In coneluding this section, we note that to investigate|
the structure of radiation fields, and for problems of optical
probing, it is important to have data on variations of atmosphere
transmission functions which are asscciated with varilations in

atmospheric humidity and temperature.
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Because experimental data required to determine these
relationships in a statistical sense is not yet inadequate, we
shall put aside discussion of this question for the present.
We note also that some evaluations of the statistical charac-
teristics of transmission and humidity functions were obtained
in [32, 33].

§ 6. Empirical Orothogonal Functions

The important characteristics of the statistical structure
of fields of meteorclogical elements, widely used in this book,
are the systems of the so-called statistically orthogonal func-
tions, for which a rigorous theory was constructed | by Obukhov
[1] (see, also, [2, 3]1).

It was shown in [1] that for an arbitrary stochastically
continuous random function f(x), defined in the interval [a, b]
and having finite moments of first and second order, one can
determine an orthonormal|system of basic functions 9 () which will
yield an optimum approximation for any sample of a random

function f(x):

|
n

’ ) . N -b .
fa (3) = 2 CePi (37); Cp = Sf(:z:) Py (x) dx. i ( 3. 41 )

K}

Thils means that with a glven error of approximatlon the /121
statistically orthogonal functions ¢, (z) give this approximation
(on the average) with the minimum number of terms n of the sum
(3.41) or, conversely, for a given number n the system<pk gives

minimum error for the approximation (3.41), on the average.
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The optimum system of basic functions is the system of
eigenfunctions of the correlation function Bff(x, y), regarded
as the kernel of the integral equation (3.8). As a symmetric
positive-definite function Bff has a denumerable multitude of

eigenfunctions e¢4(z) and positive eigenvalues My .

With this definition of the functlons ¢, (z), the error in

the approximaticn

si= {1/ (@) — fa ()2 dz (3.42)

will be a minimum and equal to the residual sum of the glgenvalues

His corresponding to the g(z) rejected in (3.41), i.e.,

Q (3.43)

From the definition of the expansion coefficients Cp s WE
get the derivation, important for applications, that the efigen-
values My have the meaning of dispersions of the expansion coef-
ficlents of the random functions f{x) in terms of the optimum

basis qnfx), i.e.,

i =[{roemas] = . (3.44)

The identity (3.44) is easily proved by carrying out all
the operations and taking into account Eguation (3.8) and the
fact that the system ¢ (x) ig orthonormal.

When the values of the random functions are given at discrete
points xj, i.e., there is a multitude of samples of the random
vectors fi(xj), the analog of the orthogonal functions is the
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elgenvectors ¢z of the autocorrelation matrix Bff(xj, XZ),
which has the properties of optimum systems of functions mentioned

above.

Profiles

For the autocorrelation matrices BTT(pk, pl) and qu(pk, pz)
constructed by Popov [6&] from several ensembles of vertical
temperature and specifilec humidity profiles (see § 2 and §/3 of
the present chapter), éigenvectors and €igenvalues of these
matrices were determined in [34]. The fact that reference [6]
considered a multitude of samples of temperature and humidity for
diametrically opposite conditions of atmospheric sounding (dry
land and sea, summer and winter, day and night), enables the
statistical stability to be evaluated for the optimal systems of

orthonormal vectors in these conditions.

Examples of eigenvectors ox(p), eigenvalues W, of the
matrices BTT(pk’ pz), and of the residual dispersions

8, = 2 P.i/Zl-lif
i=k+1 i=1

are given in Figure 3.15 and Table 3.5. We note several special
features of the systems of orthonormal vectors obtained. In
all cases, the first eﬁgenvectors<pl have zero value near the
tropopause level, i.e., where the coefficients go to zero for
the correlaticn between the temperature deviations at the tropo-
pause level and at the lower levels (see Figures 3.1 and 3.2).

From the physical viewpoint, this kind of behavior of ¢, (p) /122

means that the first eigenfactor describes the most typical
vertical distribution of the temperature deviations T'(pj) from
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Figure 3.15. VectOPS(pk of the matrix BTT for the continent and
the ocean {curves with points)

a- July; b- January; 1-(31; 2~tp25 3-<p3

TABLE 3.5. EIGENVALUES p (IN DEGREES C) OF THE MATRICES
BTT(pk, pl) AND qu(pk, pz) AND VALUES OF THE
DISPERSIONS e, (1 - §,)-100%%

Bismark,| Bismark, |l Vessel "C'LI Vessel "C",
July| January . July/ January |

k N E ' .
IS IS A A I A 4 - B S A I B S A

. ?

1 195,3[7,0 167 |71 201 | 1,9 [54]7481,2 8,1 |62]|79[137,5 3,2 [45]|78
2 |20,1(1,9 (79|90 52,1 | 0,4 |68 |82 48,5|1,2 |77190 652 }0,5 |67 |86
3 |12,6 |05 [88] 95 30,4 |0,2 |76 |98 9,4|0,7 [83]97 34,603 |78 |99
4| 64 |0,4 |92 [too] 28,8 | 0,04 I83 | 99| 6,2 | 0,3 (88 [100] 21,0 | 0,05 (85 100
5| 450,05 95 —| 19,8 | 0,02 {89 [100 5,4 | 0,03 [92 | —| 44,4 | — |89 | —
6| 26{ — (97| —|142] — (88| = 2,8| — [95|—| 88| — |02~

* Translator's note: Commas in numbers represent decimal points,

the mean profile T(pj). It is precisely this "guess" by the
first Qigenvector as to the basic behavior of T'(pj) which makes
possible the optimum approximation to T'(pj).

The universal nature of the first eigenvectors ¢1@ﬂ]in all
the cases examined, which span the temperature distribution

with height for typical conditions,| is evidence of the statistical
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stability of the basic harmonic. As regards the second and
third eigenvectors, which take account of details of the vari-
ations in T'(pj) of higher order, although thelr reproducibility
is deficient at individual levels, the vertical behavior in the

main is quite similar in the different cases.

Successive efigenvectors differ noticeably even in such
stable cases as the day and night profiles of T'(pj) over the
ocean, although thelr contribution stays less than 20% of the
total dispersion of the coefficients for the expansion of T'(pj)
in a series with respect to 9x(ps).. An Interesting point is the
difference in the number of zeros for the second and third
gligenvectors above dry larid and the ocean: @5 and<p3 over the
ocean have one and two zeros, respectively, while over dry
landq’)2 has two or three zeros, andch has two or four zeros.
This means that the baslec behavior of T'(pj) with height over
dry land and the ocean 1s the same, but detalls of the vertical
profile above dry land are much more complex, because a more
complex structure of high order harmonics is reqguired. The same
is true of efigenvectors in the different seasons (January to
July). While previously the flrst eligenvector for January has
the same behavior with height as for July, now the second and
third edigenvecteors differ from the July values. There are also
noticeable differences betweencp2 and<33 for the two daily /123
periods (00 and 12 hours), and the number of zeros of<p2 and<p3
inereases in the daytime conditions. One should also note the
increase in the eilgenvalues pu; in winter conditions, which reflects
an increase in the variations of T' in winter, in comparison

with summer.
A similar system of orthogonal normalized functions has been

obtained also to deseribe the vertical structure of the fileld cof

specific humidity in terms of the correlation matrices By, (ps po);
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obtained in [6] for the same

- . b daytime cases as Brz(p p).

Examples of efigenvectors and
eigenvalues are given in Figure
3.16 and Table 3.5.

An interesting point is the

universal nature of the elgen-

~ZS 7 4 p, vectors v, (p;), for dry land and
the ocean, which is considerably
Figure 3.16. Vectors wk of more marked than for the vectors
the matrix qu. Symbols ¢ Tor the ftemperature field.
are the same as in Amongst typical features of the

Flgure 3.15 vertical behavior of the v,

vectors,|we should note the absence of zeros in Py @8 well as the
sharp fall of , with height. The vectors V. can describe
details of the vertical structure of the humidity field, as
evidenced by the example of vessel C (January): for this case,
the vector ¢, reaches a maximum at the same level (850 mbar)
for which a maximum is observed in the mean square deviation
oq(psl . It follows from Table 3.5 that even the first three
efigenvectors yield an approximation with a residual dispersion
of 2 to 5%. As regards the elgenvalues pﬂ, they increase for
summer conditions, which is typical of the large range of
fluctuations of q'(pj) in summer in comparison with winter.

Based on what has been said, we can conclude that the
differences in|the first efigenvectors ¢, and v, for the diamet-
rically opposite cases considered above (dry land and ocean,
winter and summer) are not very major and reflect details of the
random fluctuations T'(pj) and q'(pj). Therefore, we can con-
sider the ellgenvectors as statistically universal and use any
of these systems as a basis for expansion of the random vectors

1 L 4
T;ﬁPj) or g i(pj) from any ensemble.
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The empirical orthogonal functions considered, which most
economically describe the vertical structure of the temperature
field, can be used to solve a number of problems in atmospheric
physies. One such problem, that of determining the vertical
profiles of atmospherle temperature and humidity from the out-
going Earth radiation 1n the absorption bands of carbon dioxide
and water vapor, will be considered in Chapters 6 and 7.

6.3.  Theoretical Considerations

The empirical orthonormal systems of functions or vectors
are also used for the optimum parametric representation of the
fields of meteorological elements in the solution of problems
in dynamic meteorology, inecluding that of weather forecasting
(16, 35 - 39]. Taklng into account that random fluctuations of
meteorological elements are due to atmospheric disturbances of
different scales, we can find the connection betwesen the
efigenfunctions and the scales of such disturbances. Investiga~-
tions of this kind, based on solution of the corresponding
equations of the dynamics of atmospheric flow of heat and
moisture, were proposed by Marchuk [35, 361, Gavrilin [37],
and Holmstram [39]. The basiec principle for solution of this
problem, formulated in general form 1n [36], is to examine the

spectral problem for the given operator and conjugate operators.

The elgenfunctions of the appropriate operators proved to be
bilorthogonal, while the eigenvalues are conjugate. These
investigations yield the physical parameters of the atmosphere
responsible for the same characteristics of the vertical struc-

fure of the fields of meteoroclogical elements which remain stable

during random variations of the latter. By way of example of
theoretical determination of egigenfunctions, we consider the
results obtained by Gavrilin [37] for the vertical structure of
the specific humidity. Simplifying the moisture flow equation,
in accordance with the requirements of the problem,

210

/124



” . 97 _ P00 g 2 . v
+ asin g 6?\. + = BB +w a_'_‘kh&q'i" ap g ap Pl v

a

where gb is the concentration of moisture drops; ¥ is the
welghted mean speed of descent of the drops; u, v are the hori-
zontal components of the wind speed; w¥ 1s the "vertical
compeonent" of the velocity; a is the radius of the Earth; 6, A, D
are coordinates of the point in space; w, =k, (BT)? = k,/HY ks, k]

are the vertical and horizontal turbulent diffusion coefficients;
and H 1s the height of the uniform atmosphere, the author of [37]

derived the following system of equations and boundary conditions

o [P i ey 1P ()} = g (p) } (3.45)

g (@, y) = — Aq (z, ¥); | (3.46)

d . | !
P—dg——daQ=0 for p=p, aﬁldl 1 (3.47)

Here o, = ¢/oH/k,; oy = knlk,H?; a5 = 1/e (96/0T) p (87/6p)— 1| (az=]2.6 for the
troposphere); and Py and p, are the lower and upper boundaries of
the atmosphere.

The eflgenvalues and the efigenfunctlons of the problem (3.45),
{3.47) have the form

et e b= [V ()] e=12.)
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g0 (8) = ¢ (E)™

qn<c>-%<€)m_1[ " cosn (i) -2 (E ] (5 )
@ ‘
c=-PLO' gl:.‘%}' ) : o |

The eigenvalues A, of the operator conjugate with (3.45) and
(3.47) coincide with Ay, and the efigenfunctions have the form:

ﬂ|+1

Qo(C)——Cn(C) L

u,u
' . Ing M-—dv+1
Tn (C) = 00 (c) . ? [ rmi cos.ﬂn ( lq X% ) BA 2 ]

Y

(3.50)
(&}

n In
SlIlJ'E g

The functions g, ¢)land g (f) are orthogonal, and the functions
qn(p) are orthogonal with weight in the interval [§,, 1]}

pﬂ .
S P90 (D) Gm (P) dp = SpdV3s (3.51)
P v
where
1, n=rm,
B 61].111{0’ n%m; |
2_1—(gl)ms—ﬁ1+l. 2 _ i nn ] Sy +ﬂ +1 27’ 2
NO—" 2@3—0‘4*{—'1 ' Nn—ZlﬂE[(n—L—-) _%_(_3_2..1_._.) ]. (3.5 )
L 7

Comparison of the eigenfunctions (3.50) with the empirical
eigenfunctions P (p)i considered above shows that the theory pro-
posed in [37] gives quite a good description of the basic
features of the vertical structure of the humidity field (3.17).
The results obtained allow determination of the scales of the
disturbances associated with each harmonic, In fact, Equation
(3.46) in an infinite plane has the form:

¥

Qn(ybze In 3 an

ke |
A (3.53)
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Putting a; =3 (for a drop radius

zbar] Of ~5 M), ap=2.6;0 = 7.2-1012 m°
(for kh = 106 mz/sec; kZ =
07 10 me/sec; H = 8 km), ln(p/p;) =1.6
- | (p1 = 200 mbar) the author of
) ﬁ‘ [37] obtained the values L, = 2700/
| V=i do=— 1,415 hy=| — (3,807 +1,05]; '
¥ i Ly = 2270 kmj| L, — 1380/} w3 1,05,
45T a4 L% Hence it follows that the zero
Figure 3.17. Comparison of order eigenfunction corresponds
the empiricgl {(solid lines) to a wave of ~2500 km (planetary
s sheoretieal (broken " soate), ana the others to 950,
the vertical profiles of 610, 430, 340 km, and so on.

specific humidity. The
points show ¢., and the
circles show 1

§ 7. Horizontal Structure of the Atmospheric Parameters

An investigation of the horizontal structure of the fields
of the atmospheric parameters is a much more complicated problen
than investigation of the vertical structure, mainly because of
the two-dimensional nature of the random functions. Another
complexity arises from the absence of experimental data on hori-
zontal fluctuations for practically all the optical atmospheric
parameters. For these reasons, investigations of the horizontal
structure have been made only for meteorclogical elements (pres-
sure, temperature, clouds, etc.), and in most cases, the fields in
question are assumed to be homogeneous and isotropic. This
assumption enables one to construct one-dimensional correlation
functions which depend only on the distance p between meteorcologi-
cal stations whose data are used in the statistical analysis.
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o ! For the surface temperature
field, the correlation functions
Bpp(e) were obtained in [5, 21 —{

7é 23].

4 Comparison of the normalized
autocorrelation functions rTT(p)
calculated in [5, 21, 23] is

shown in Figure 3.18.

4z

g

@z It is easy to see that the

Pigure 3.18. Comparison of general behavior of T of the
the correlation coefficients ratio between values of the

PTT(D) from the calculations

(211 (1), [51 (2), and [23]
(3)

correlation coefficients at the
same distances, and also the
radius of correlation pO,
determined from the condition rTT(pO) = 0, prove £to be gquite
close 1n all cases. This 1s evidence of the reliability of the
smoothed correlations of the surface temperature field within
fhe hypothesis made. However, these results have limited use in
practice, slnce the actual temperature fields can be appreciably
inhomogeneous and anisotropic, e.g., because of the latitude
behavior, the effect of orography, and, for the surface temper-
ature case, also the effect of the microclimate.

A more reliable matter i1s the direet calculation of auto-
correlation matrices describing the correlation between simul-
faneous fluctuations of temperature or humidity at a given level
and different stations. In this case, there is no need to postu-
late that the random flelds are homogeneous and istropic, and
therefore these calculations allow the above hypotheses to be
checked. Some steps in this direction have been taken in [23].
By correlating the surface temperature fluctuations T'(po) at
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Figure 3.19. Map of lines of equal value for the correlation
coefficient rTT(p), in %, from [23]

1- Moscow; 2- Paris

fixed stations {(in [23], the stations near Moscow and Paris
were taken) with fluctuations T'(pO) at other stations, the
authors of [23] constructed lines of equal correlatlon coef-
ficients, describing|the degree of isotropy of the T'(po) field.
As can be seen from Figure 3.19, under continental conditions,
this fleld can be regarded as isotropic, to a certaln approxi-
mation, although on the periphery of the region one sees notice-
able anisotropy, connected, to a considerable extent, with the
effect of the oceans. This Influence on the anisctrepy of the
T'(po) field shows up rather clearly in coastal regions .and

is 1llustrated in fthe figure by the example of the calculation

of rTT near Parils.

As regards the degree of homogeneity of the field T’(po),

to evaluate it we must construct the correlation matrix Brrip.pi)
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€.g., for the fluctuations T'(po) at stations chosen in a given
direction, as was done in [23] for the same cases of continental
and coastal regions. For a homogeneous field, the elements of
the matrix Brr(ppp), which satisfy the condition [ — ]| = const,
should be 1dentleal.

A convenient estimate of the homogeneity of random fields
is afforded by the eligenvectors of the autocorrelation matrices,
which colncide with trigonometric functions in the case of homo-

geneous fields [14].

The question of the homogenseity of two-dimensional random
fields will be considered in more detail in Chapter 5.
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CHAPTER 4
VERTICAL, ANGULAR, AND SPECTRAL STRUCTURE
OF THE RADIATION FIELD

§ 1. Statement of the Problem

The results presented in the previous chapters indicate the
directions in which 1t is profitable to zeek the laws for fluctu-
ations in the Earth's radiation field. The relationship of the
intensity or radiative flux with the physical parameters of the
atmosphere, cloud and underlying surface, the random nature of
whose variations implies random fluctuatiocons in the radilation
field characteristies, can be established using the radiative
transfer equation for the atmosphere. Therefore, the statistical
characteristics of the structure of random radiation fields
forming the atmospheric radiation model must also depend in a
speciflc way on the statlstical characteristics of the fields
of meteorclogical elements and optical parameters of the atmos-
phere andéd the underlying surface, which form the optical-
meteorological model. To discover these laws, one must use the
radiative transfer equation for the actual atmosphere whose

parameters wvary randomly.

In the present chapter, we consider the case of a horizon-
tally homogeneous plane-parallel atmosphere for which we consider
as known the statistical characteristics described in Chapter 3
for the vertical structure of the optical and meteorolcogical
parameters determining the random fluctuatlons of the vertical,
angular, and spectral distributions of the radiation field, which

is also homogeneous in the horizontal direction. In practice,
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this means that the random fluctuations in intensity of the
Earth's self-radiation or of the scattered radiation, like the
random samples of the corresponding atmospheric physical
parameters, depend parametrically on time and on the horizontal

coordinates.*

The baslic attention will be given to determining the
statistical characteristics of the vertical structure of the
Earth's self-radiation field, which 1s assoclated with the

following circumstances:

the phenomenclogical mechanism for the transfer of long-
wave emission in the atmosphere is simpler than that for shert-
wave radiation:; the main atmospheric parameters determining the
variability of long-wave radiation are the temperature and
humidity, whose vertical structure, as was shown in Chapter 3,
has been studied rather well; it is alsc comparatively simple
to account for fluctuations in clouds inja givenacase, since the
variation of the outgeolng self-radlation at least 1s affected by
variations in the upper boundary of the clouds, the cloud
temperature and the humidity, for which we have already noted
methods of statistical investigation that are presently available.

Some of the results of Iinvestigations cof the wertical
structure of long-wave radiation have been described in [1] and
they are reproduced below with a number of improvements and

additilions.

¥ Tn fact, these dependencies of the atmospherlc parameters are
determined by a complex system of equatlcons for atmospheric
thermodynamics, and therefore, by a large number of physical
factors.
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As regards the vertical structure of the short-wave radiation
field, because of the complexity of the mechanism for scattering
solar radiation in the actual atmosphere, we shall examine only
the case of a spherical scattering index, A further reason 1s
that the angular structure of actual indices, and this 1s even /129
more true for the vertical structure, has recelved practically no
study. The vertical and angular structure of the scattering
field of solar radiation will be determined, thus, only by the
characteristics of the vertical structure of the aeroscl scatter-
ing coefficient, for which, as we saw in Chapter 3, there are
available statistieal characteristics obtained from three familles
of independent measurements 06,(2. To describe the radiation model
of the atmosphere, we shall use, as before, the first and second
moments of the radiation characteristics considered as randomn
functions of height, direction, and frequency. The use of dis-
tribution functions for the physical parameters, in terms of
which the optical characteristics of the atmosphere can be
expressed, as proposed by Ross [2] and Neilson [3], for the study
of scattering in vegetation cover, 1s not feasible under atmos-
pheric conditions. The fact is that for these parameters (e.g.,
the concentration of aercsols, the vertical profiles of tempera-—
ture and humdity), the multidimensional distribution functions
are practically unknown. However, even if we were to succeed
in constructing empirical distributions, the distribution of the
correlation moments for these distributions would entail large
uncontrolled errors if they were to deviate from the normal
law, for which exact mathematical methods of analysis of random
guantities have been developed.
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§ 2, Vertical Structure of long-Wave Radiation

2.1._Basic Relations

We assume that in numerous measurements of the intensity of
ascending or descending long-wave radiation 71, ), /i, 6}, at
the level { = p/p, and angle & to the local vertical, above a given
point of the globe, these guantities vary randomly, like the
vertical profiles of temperature 7 (fyandhumidity ¢ (). If we take
the emittance of the underlying surface to be unity, then from
Equations (2.6) and (2.7) we can easily obtain simple relations
connecting the realizations of the random function 1, (g, ) with
realizations of the random functions 7 (§) and g(¢) (we consider

water vapor to be the only absorbing substance):

I(E,0) =B, [T(1)] exp [—w,r, (, 4,8)] — ‘

1
= BuIT (@] 5 fexp (— wom (6,1, O))} dt;
& l |

(4.1)

g . !
12, 0) =\ B, (T 01 5 (oxp [— wy. (4, L, O} dt; |
[ . ’ I

o (4.2)

i
v (&, ,0) = scc 6 { 4, (6) g (¢) dt
19

. . . P 7 1 ot n oo
For the radiation 1nten81t1esjv=pK;SJ1@)¢‘ﬂv)va averaged for
Av .
quite narrow spectral intervals Av, and allowing for the instru-

mental function ¢ (v,v'), Equations (4.1), and (4.2) take the form

L.(6,0) = BUTWIP. ¢, 1,6~ B 17 51 -2- 5. (¢, 1,9) a;| (4.3)

where &, 1s some average value of the Planck function in the /130

interval Av:
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' .
P“ (£,t,8) = -31-;- \ exp [— Wy secﬂgk‘,- {tYg(t) dt'} @ (v, ¥)dv

Av | 4

(4.4)

is the atmospheric transmssion function (2.9), allowing for the

response function of the instrument.

Integrating Equation (4.3) by parts, we obtain another

expression for 7!:

I, 0= '3;11"(91 + §zﬂ (6,1, 8) 0 B, (T-(5) dt. (4.5}

L 4 . .

Similar expressions can be obtained also for ]ﬂ:
Tz, 8) = (3 (T (&) atﬁ(tl_‘,ﬂ)dt) (4.6)

D i
or
‘.ATé(;, 8)= B, IT ()] — B AT (M P (L, o;e) —§ﬁv (t,t, B)M&L (4.7)
‘ [ .

As was already noted in § 2 of Chapter 2, the transmission func-—
tion P, can be measured or calculated from the known molecular
characteristices of the water vapor absorption band and from the

specific humidity given for each specific case.

Since the form of the ftransmission and equipment functions
will not be of maJor importance in determining the vertleal
structure of the radiation field, then, in order to simplify the
calculations, we assume that o (v,v) =1 in the interval Av and
zero outside this interval (here PF,=P, ), and for p;, we shall
use Egquations (1.16) or (1.20), which in this case can be repre-

sented in the form

Pv(C,t,B);1—(1)[]/-—;1—1301(@,:;9)] o | (4.8)
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and

Py (,¢,6) = exp {— a [wy (C, £, O)-4) (4.,9)
respectively.
Here,

T 5,0) =5c0[0M) — QL Q@)= §t*q(t>dt. | (4.10)

2.2._ Statistical Characteristics
Expressions (4.1) - (4.7) allow us to find the relation
between the characteristics of the vertical structure of the

intensity of the field of Earth self-radiation Ii* and the fields

TE(OIandlm(Ql(i is the sample number of the random functlon). Wd
represent each of these functions in the following form:

L0 =E0)+ 48,  LiE0)=0 (4.11)
T =T +7¢), - T =0; (4.12)
% =7 () + 4:6), T =0, (4.13)

where the bar above a symbol denotes averaging over the whole set /131
of realizations of the given random function (i.e., the norm),

and the primes denote deviations from the norms. Then, at fixed
angles 6 and frequency v, from Equation (4.3) or (4.5), we can

obtain a system of eqguations for determining I (% 9)for the auto-
correlation function

Ku (L, E';9)=I;(g,e)f;(;',a)' (4.14)

* We omit the subscript v and the sign -~ below; the derivation
of the formulas and all thecalculations|will be given for It.
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and for the joint correlation functions

K@ U0 =TGOTE) | (4.15)
Kn(@,t:8) =& 0al), |

which describe the vertical structure of the radlation field in
terms of the set of statistical characteristics of the vertical
structure of the temperature and humidity fields: T (%), 7 (L),
Kop (G 8 Kqq (80)) and Kor (L. &).|

We assume that I"(f)] and ¢ (§)| are small and that we can
confine ourselves to linear terms in the expansions

By [T (©) -+ T5 Q)] = B IF @) + —at S g 1<z)+..‘.' (4.16)

Pr©+a01 - P iFO1+ 2 E N gl — ol +.]

The average of the ftransmission functlon p, and its derivative
ap/ot, in Equation (4.17) are determined by means of Equations
(4.8) - (4.10). Tor example, for the case (4.8)

Pv(é'.,t,e)zi—@{]/-fz!-wosece[@(t)—é(g};l (4.18)

)53 —— lwssecd * .
AU {_2 o } exp{— w5000 [0 ) — DN
v Va Lew-—-e@ 4 2

- z ' ;o (4.19)
Co=\rimas Qi@ ={ra@d.

We note that, in a small enough neighborbood of the straight line

t = tl, whére the derivatives of the transmission functions (4.8)

and (4.9) have integrable singularities, there must be a transition
with the asymptote of Pv at small values of the argument (see
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[T.2]). If we substitute Equations (4.11) - (4.13) into

Equations (4.3)or (4.5) then, taking account of Equations (4.16)
and (4,17), we can obtaln a system of eguations for determining
the characteristics of the vertical structure of the field of
ascending radiation. If the main fluctuations I’ (L, 8) are deter-
mined by the fluctuations T' or q' at the underlying surface or

in the lower layers of the atmosphere {(this situation can arise

in regions of slight atmospheric absorption), it is more conven-
ient to use Equation (4.3). But if the fluctuations I’ ({, 0) are due
to higher atmospheric layers {(e.g., in regions of strong atmos-
pheric absorption), then it is desirable to replace Equation (4.5)
by Equations (4.11) - (4.13). Performing this substitution and
taking into account Equations (4.16) and (4.17), we obtain

I8 + L8 =BT+ C rigy 4 S{p(g,:,e)+ (4.20)

PG00 ) Gl o1} 2 {B 1T ) +M’J—T (0} dt.

L
3]

Averaging Equation (4.20) for all the samples and using Equation /1
(4.19), we obtain an eguation for It(L, 0)
_ an
o) = BIT@ +\ B, 6020 g

(4.21)
3P(€ 2,0)
ar

TS f‘k'_/'"l-i

u“du——{KqT( y 22Tl }at

_]_
LAl I

Multiplying the left and right sides of Equation (4.,20) by I'(¢, e),
averaging over all samples, and neglectlung moments of third order,
we obtain an equation for the autocorrelation function KII:

K (6,80 = f-mffn(cc e)+5P(c,te) (L
4 ‘

(4.22)

R aB [T
X Krr(t, e)}dursa_"_@—‘-els Ko, £, 0) 22T O g ar,
¢ ¢ . ;
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Thus, if 7% is expressed only in terms of the structure functlons
of the field of T and g, to determine KII we need to have the
Joint correlation functions KiI and KqI' It is not difficult to
obtain the latter by multiplying the left and right sides of
Equation (4.20) by 7Ti(f) or gi(f) and subsequently averaging over

all the samples:

Kir @ 8,8) = =7 Ko @8+ 5P<;,t,e)ﬂ—;’,—{ffw<t,c')x
i (4.23)
or (1, 8) = dudt

« o817 ) gt PP tO
oo |

4

Ll

K:q(Q,Z’,B)w—_i?-c.—[,f—.@K (&, €)+5 (2, 0) {KTq(zg)M}dz+
L , CF | (4.24)
R R S

4 g ‘ -]
The system of equations (4.21) - (4.24) enables us to express Jf, |
Kl &ir, KiplIn terms of the statistical characteristics of the
temperature and humidity fields T’gaKTT:KthKﬁd- The eguatlons
to determine the latter can bhe obfained from the equations for
the flux of heat and mecisgture. This implies a need to examine
the equations of atmospheric dynamics. It 1s knownh {see, e.g.,
[47) that this system of equations can be closed only with very
rigorous assumptions about the nature of the fluctuations of the

thermodynamic parameters of the atmosphere,

One can close the system of equations (4.21) - (4.24) by
using empirical data on the structural characteristics of the T
and g fields, obtained by statistical reduction of the resulis of
aerological soundings (these characteristics were presented in
Chapter 3). Here one should bear in mind that reliable data on

some of the characteristics, e.g., qu or KTq’ can be obtained
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only up to comparatively low altitudes (not more than 8 ~ 10 km);
while in very strong water vapor absorption regioné, the radiation
intensity I and its structural characteristics are determined

by the variations of temperature and humidity in higher layers

of the atmosphere. To lncrease the reliability of determining

the statistical characteristics of the vertical structure of the
radiation field in these spectral regions one must have improve- /133

ment in methods of measurement of humidity at high’altitudes.

In regions of weak water vapor absorption, the main effect
on variations of I+ comes from variations of temperdture of the
underlying surface. Therefore, it is more convenlent to use
Equation (4.3) to obtain the structural characteristics.
Substituting e@pressions (M:ll) ~ {(4,13) into Equation (4.3) and
performing the required averaging, we can express [ Ki, Kir, Ky
directly 1n terms of the structural characteristics of the
temperature and humidity of the underlying surface. This can
also be done by integrating Equations (4.21) - (k.24) by parts.

For regions with not very strong absorption, we consider
another method of determining the statisftical characteristics
of the vertical structure of the field of long-wave radlation,
which enables us to avoid the above peculiarities 1n the deriva-
tive of the transmission function and the need to go to the
asymptote of Pv for £t = ¢ in carrying out the calculatiens. By
substituting the expressions/ (4.11) - (4.13) and (4.16), written
for a single absorber q(p) and for § = 1, into Egquation (4.1)
and the boundary condition (2.3), we obtain

a7 a
cos?-——g——l—cm 5@’, = wk (C.)[Q‘()'FQ'(E)]X

’ (4.25)

x@@®+n@m4aﬁmi——ﬁg4@ﬁl
_ ) ron
Tt 8y + 1, (1,8) = B, [T (1)] + ~—-—~——T . (4.26)
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Averaging Equations (4.25) and (4.26), we obtain equations for

determining fv@,m:j

; ) |
000 5 = i 1 ()T (U4 O — Bo T @1 o

. e (.Ll"zT )
g0 K 150 — 22 Dk )
I.(4,0) =B, (T (1)]. | (4.28)

Calculating Equation (4.27) from (4.25), and Eguation (4.28) from
(4.26), respectively, we obtaln an equation for determining 7, (g, 6):]

a]r . L )
cos 02 — e @70 {1t 8~ 2T ) (4.29)

o wehy (8) ¢ CHT (G, 0) = B [T N} + wok () e (L, 8);
I.(1,8) = ffﬂglll 1)j (4.30)

In Equation (4.29), the set of second order moments entering

into Fquation (4.27) is denoted by (L 6).|

It can be seen from Equations (4.27) - (4.,30) that, %o
solve Egquation (4.29), we need to know the average profile of
I,(5,0), which it 1s difficult to determine from Eguations (4.27)
and (4.28) because there is no solution for the correlation
moment K, (L §;8). Therefore, we solve Equations (4.27) and (4.30)
by the method of successive approximations. Discarding the
second order moments in the solution of Equation (4.27) (with
the boundary condition (4.28)), because these moments are small
relative to the mean gquantities, we obtain a first approximation
for 1,(L, 0):]

1

1o 0) = By [T (1)] Py (&, 1: 0)] —S{Bﬁ T —

‘ 4
- 9B, [F ()]
Kor (8,68} ———7—= K r (t, t) }

g (1)

(4.31)

g
TE L. (L, ¢;0)dt.
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Substituting the latber into Equation (4.29) and solving this /134
equation with boundary condition (4.30), we find an expression
for Iy, O

¥ an [T“)] ' g aB" [T(”] 4
xv({;,E))ﬁBv—“gT—T (1)PU(C,1;0)-—S{ 7 1 (-
4

s (4.32)

7\,:,6)--13u T
L ) E N LS

7 ()

In Equations (4.31) and (4.32) the quantity P, (g, ¢; 6)denotes either

the exponenftial function GXPP—WO%GBSM(Wﬁ(MdUJP or the average

£
transmission function (4.4) over the gspectral interval Avl.

By multiplying Equation (4.32) by £(§,8), 7 () or ¢ () and
averaging over all the samples, 1t is not difficult to obtain a
system of equations for determining the autocorrelation function
Ku(Z, 7; 6)andthe joint correlation functions Kix(g, s 8), Kr (G, &5 6) -

For example,

0B, [T :
Kir (@ ti0) = 20 O o1, 1750 P, 15 0) —
1

BBATW] |, . ., . T8 —B, [T 1 9P, 9)
_§%_ﬁr—ﬁw@§ﬁy— — Kot (8,830} 25— dt.

(4.33)

The functions Ki, and KIq are obtained from Equation (4.33) by
replacing the second index of I by the index T or q, respectively.
Substituting the function.KM(C,C,Q}intquuation (4.31), we can
obtain a second approximation for I,(§ 8) and then improve KII’ KIT’
and KIq'
If we are not interested in the joint correlation functions,
we can obtain Ky (g, ¢; #)without an intermediate stage of calculat-
ing KIT and KIQ' In fact, by multiplying Equation (4.32) by 1tselfl
(in accordance with the definition of KII) with £ and ' and

averaging over all the samples, we obtain the following formula
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for Kiu{g, C';U)ii

T ' 7
K250 = Zr ) ke 1) 2o, 109 207 150 - 22T

8B, [T () ‘*It,a——B,Tt
{_Jiixﬂun-p()w [(H&ﬂLﬂx

X Pt 1,6} =

aB[TUH

LY et )

PG5 L 9B, {r ()]

? e dt— PG 1 9)5{ Krr(l, t)—
[

L0 —B, 7 oP, L. 38,17 (5] BT
— qu(i,t)}wd +Sé{——————aT x (4.34)

9B, [T (u)] I,(t,8)~ B, [F()] 8B, [T{u}]
-—5-,?‘——-- IfTT ‘(t, i'.t-) —_ q{t) KCIT (t u) —_
_ L0 =B, [T 9B,[T (1] ‘ Iu(t.e —B,[7(#9]
700 a7 Kar )+ ———=p
I,w0)—B,[F@] ‘9P, (L. £ 0) 9P, (', 1 Q) '
— Eult, u,)}j = =27 dedu, l

Examples of the vertical behavior of some correlation moments,
caleculated for the intensity of the ascending radiation in regilons

of strong absorption {v = 1390 cmpl) and weak absorption (v = /135
1240 cm_l) by water vapor bands at 6.3 pm, using Equations (4.21)
(4.24) for 6 = 0, are given 1n Figures 4.1 and 4.2. The charac-
teristics of the vertical structure of the fields of temperature

and humidity were taken for summer soundings above a continental
station (see § 2 and § 3|of Chapter 3).

It follows from Figure 4.1 that, in the weak absorption
region (solid lines) the elements of the correlation matrix
K £ 0) » which gave the dependence of I,(8x, 0)pat a fixed level
Cul on T (L) at different levels (], decrease with height, pass
through zero ncar the tropopause and become negative above it,
i.e., they have the same vertlcal behavior as =lements of the
correlation matrix Krr(lu £). This analogy is due to the fact
that deviations in the radiation intensity I, for weak absorption
(broken lines) are determined, as one should expect, mainly by
deviations of temperature 7’ (%) for the ground surface and the

atmospheric boundary layer, which are anticorrelated with IV (g
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Figure 4.,1. Vertiezl distribu- |Figure 4.2. Vertical distribu-
tion of K @08 (in 103 calA tion of Kip a;QHO% [in (103/cal/
deg/cmg-min-bter-um). cmZﬂminfﬁter-mm) . The symbols

1- Eph by 2= K02t 3- are the same as in Figure 4.1

Err (. 3 (in deg2). I- weak
absorption; II- strong
absorption

above the tropnopause (see § 2 of Chapter 3). Therefore, the
nature of the correlations K;r({, ')} and Krr (i, {'}.are the same,

Conversely, in the strong absorption region, the varia-
tions I,)at level f, are determined mainly by the variations T' at
the same or adjacent levels., Therefore, the correlation between
the variations I, in the ground layer (§=1) are proportional to
T'(1), and the variations T' at higher levels follow ﬁKfTU5Cﬁ,
while the correlation between I' a2t level £ = 0.2 and of T' at
the other levels is negative for the lower layers of the atmos-
phere and positive for the higher layers. Thus, we can explain
the vertical distributions of the autocorrelation moments.Kn(i,Q[

for regions of weak and strong absorption (Figure 4.2).

Aralysis of the equations obtained, Equations (4.21) -
(4,24) and (4.31) -~ (4.34), shows that the vertical structure
of the self-radiatlon field is determined to a considerable

extent by the vertical structure of the temperature field,
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including the variations in the temperature of the underlying

surface. As regards the humidity, its variations play a double

role in forming the structure of the radiation field. On the

one hand, an increase in humidity implies a decrease of intensity
because of the increased absorption of radiation in the thermally
stratified medium (correspondinglv, decrease of g (t)] leads to an
increase in Iv)' In the second place, variations in humidity /136

lead to variations in Iv of the same sign, because of the positive

joint correlation of g'! and T'.

This picture of the effect of variations gq' and T' on the
variations I' proves in fact to be somewhat more complicated,
because of the integration of these effects with height in the
different regions of spectral absorption and radiative emission.
The total effect, which is a cause of the comparatively weak
correlation between the outgoing Earth radiation and the tempera~
ture of the underlying surface and the atmosphere at different
levels, can be obtailned by carrying out appropriate calculations
using Eguations (4.21) - (4.24) or (4.31) - (4.34). As we shall
see below (see § 6 of this chapter), this kind of situation 1is
also observed in statistical reduction of radiation measurements
on satellites [3.51. Egquations to determine the structural
characteristics of the intensity of incident radiation, including
the joint correlations I'(f,8) with meteorological parameters and
with the intensity of ascending radiation, can be determined
similarly, using Equatlons (4.6) and (4.7).

—_— = e — e T - T T T T T

Since now there is a great deal of data on the actinometric
sounding of the atmosphere up to great heights (see, e.g., [5, 6]),
accompanied by measurements of vertical profiles of temperature
and humidity, it is directly possible to compare the statistieal
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characteristiecs of the vertical structure of integrated fluxes
of ascending and incident radiation, which are determined both
theoretically and experimentally. For this purpose, we need to
derive equations relating the structural characteristics of the

radiative fluxes

F() =

98_.--';8

n/2% .
av § 1,0, 0) sin20 a0 |

and the profiles of temperature and humidity. The derivation
of these equations is entirely similar to that of the correspon-~
ding relations for the radiative intencity. In fact, we
integrate Equations (M.i) and (4.2) over all directions within
the upper hemisphere for Il and over the lower atmosphere for
Iy , and then for all v from 0 to =, and introduce the integral
transmission function*

/2

o i
Pt = (—S B, (T)dv& exp|— wosec.GSkv () ¢(w) dw]s‘mzede, (h,35)
0 g -

i3

where

B(T) = of* (o=081410" cal/cm? min-deg*).] (4.36)

Then, for the fluxes (e.g., for the flux of ascending radiation)
Egquation (4.1) takes the form:

A =By PEy—{Biro 2ol g (4.37)
4 : .

¥ We note that the integral transmission function depends on T
much more strongly that Pv’ which 18 averaged over a narrow

spectral range. However, we neglect this dependence, as before.
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By repeating for Equation (4.37) all the operations carried out
In § 2.2, we can obtain relations of the type (#.21) - (4.24),
for FKJW,KFFaKprKFd’ in whieh the transmission function and B(T) /137
are replaced by Equations (4.35) and (4.36). For example,
1
Kee (0 0) = 20O koe,0) + \ PG - (20 Koo e, 1) bt +
: | | (4.38)

1 1
F APt N OB [T
+S ‘ra(f‘ f) SquF(u, i;)#ldtdu.
L .

Formulag for determining the functions KFT and KFq’ obtained

from Equation (4.38) by cyclic substitutlon of the second sub-
script F by T or q, will be integral analogs of Equations (4.23)
and (4.2L4).

Examples of normalized correlation mements for the ascending
flux of integrated radiation, calculated in [1] by these formulas,
are shown in Figures 4.3 - 4.5. The calculations used typical
statistical characteristiecs of the fields T (y), and gq(f) s obtained
in [3.6] (see §2 and § 3lof Chapter 3) and the integral trans-
mission function of the ¢ype (1.20) with parameters ay = 1.3,
ko = 0.8. The same figures show the corresponding correlation
coefficients obtained by Kurilova [7, 8] from statistical reduc-
tion of experimental data of actinometric sounding [6], and also
including data regarding 7 (§), and ¢ (). '

Since the correlation functionsK and KqT calculated in

Qg
[8] from these data have the same structure as the analogous
characteristics of [3.6], a comparison of the theoretical [1)]
and experimental [7, 8] correlation coefficienfts can be regarded

as quite valid.

This comparison shows that the basic features of the verti-
cal structure of the varlations of flux of ascending radiation
and the correlation relations for F(, and 7’ ({)are described very
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satisfactorily by the above

relations. It is true (Figure

4.3) that the experimental
/ autocorrelation coefficients
rrr (1, §,) turn out to be some-
what low in comparison with the
calculations in the lower
layers of the troposphere,
especially during summer. One

T v a5 4e Lor, reason for this may be the

inecorrect normalization of the
Figure 4.3. Comparison of the

vertical behavior of r., (. 2p). autocorrelation matrix Krr(lu &)

1~ calculation in [1] from in [7, 8], relative to the dis-

Equation (4.38); 2, 3~ calcula-persions of Kir({, {J)only at the

tion of 8] for summer and X . .
winter, ggépegtively; T points . (compare this with

zk =1, 0.7, and 0.5, respec-— Equation (3.7)), which appreci-
tively ably decreases rer(ls ) 1in all

cases where Kpp(lr Ty 1s sub-

stantially greater than K ({, C) .

The correlation coefficients r decrease with helght, but

FF
in all the situations considered, apart from summer cloud Ac
conditions (according to the data of [7]), remaln posiltive. This
result can be regarded as evidence that in cloudless condifions,

the variations of the ascending flux at large héights are deter-

¥

mined mainly by the temperature variations in the lower troposphere.

Evidence for this conclusion is the vertical distributions of the
joint correlation coefficient rpr (s §)- As can be seen from
Figure 4.4, the rather high correlation of F' and T' in the
atmospheric boundary layer decreases with helght, passes through

zero at the tropopause, and becomes negative in the lower layers

¥ The fact that rp¢ (1,§) does not pass through zero for winter
conditions, according to the data of [8] (FPigure 4.4 b), corres-
ponds to the correlation rpp(1,8) , obtalned from the data from
simultaneous measurements of 7 () and F (see [8]),/being everywhere
positive.

234



g

Lo

7 75 A

Figure 4.4. Comparison of the vertical behavior of rep (& &) (a)
and  rpp @ Ll (D)

a: 1- caleulation of [1] using the transfer equations; 2, 3-
calculation of [7, 8] from experimental data of [6] for summer
and winter; 4 - 6- Z, = 1, 0.2, and 0.4, respectively

of the stratosphere. This kind of behavior of T is fully in

agreement with the vertical distribution of T {(see & 2 of

Chapter 3), and in fact 1t means that the wvariations F' at all
helights are determined by the troposphere varlations of T!', which

are anticorrelated with T' above the tropopause.® With increase

¥ It is probably for the same reason that the correlation coef-
ficlents at the levels g = 0.2 and 0.1 prove to be overestimated
in [7], conversely.
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of level ¢;l, the correlation

coefficients rer (&, §) decrease')
and for the top boundary of the
troposphere (ck = 0.2), there is

generally a weak correlation
of F' with T' (0.2) at all
levels {,/ for g, = 0.2r ~ 0,

FT
and for Ty = 0.1 oo < 0).

Figure 4.5. Vertical distri-
bution of rpe U ﬁz),[
according to [1]

1 -3¢ =1, 0.5, and 0.2,
respectively; 4= rg (G Ty

This decrease in correla- /138

tion results from superposition

of the correlation moments rrr (Lx &)

of opposite sign, taken in the integrals (4.38) and in the
analogous formulas for Tpm and rFq with different welghts, which

depend, in particular, on the moisture concentration. On the

other hand, the Jjoint correlation coefficients rFq are closely

connected with variations T' and with the nature of the Joint
correlation of T' and q'. The theoretical correlation of F' and
q' is rather low. Values of PFT do not exceed 0.3 for a single /139

level g, (Figure 4.5), while the variations of flux at the top

boundary of the troposphere are noticeably anticorrelated with
q' at all the lower-lying levels. The fact is, probably, that
the effect of reduction of radiative flux with increase of mois-
fture concentration has more effect than the oppesing effect of

increase of F' with increase of g'.

The conclusion that the variations of the meteorological
parameters can have a counter influence on the variatlions of
characteristics of the radiation fileld, the result being that
the correlation between these variations is weak, is important we

think for investigations of many atmospheric processes, since a
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similar situation is met with in the interaction of a number of|
Other parameters (e.g., the connection between the variations

T' and q', considered in § 3 of Chapter 3). 1In practice, this
means that we are concerned with conditions for these processes
where the useful information is comparable with the noise.

The vertical structure of the radiation fields is appreci-
ably affected by clouds. This 1is illustrated, for example, in
[7] by the different behavior, depending on height, of the auto-
correlation coefficilents rer (L, ) for altocumulus | cloud (Ac) in
summer conditlons (solid lines) and in winter conditions (broken
lines) (Figure 4.6). The negative correlation of flux fluctu-
ations at levels §, >10.5 with Tluctuations F' at lower-lying
levels for summer, and the positive correlations for winter (or
for stratified clouds) is probably due to differences in the
vertical structure of the upper boundary of the cloud, and also
to the profiles of temperature and humidity. In order to obtailn
quantitative evaluations of the effect of clouds and of the

vertical structure of the fields of Earth self-radiation, one must

introduce the statistical characteristics of the meteorological
parameters under cloud conditions into the radiative transfer

equation.

Before going on to this matter, we note that formulas
similar to (4.38) can also be obtained for the statistical char-
acteristics of the vertilical structure of fluctuations of the
incident radlative flux, as well as the flux of self-radiation,
which is directly associated with radiation-induced changes of

temperature.

§ 3. Calculations of Cloud Variations

The basic difficulty in establishing the relations between
variations of the characteristics of radiation and cloud fieldg
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Figure 4.6. Vertical distribution

a~ trq( &2 3 1= caleculation according to [48];| 2- experiment
according to [7]; b- empirical values of rmp.t) 3 1, 2~ for
winter and summer, respectively; 3 - 6- T = 1s 0.85, 0.7,
and 0.5, respectively

arises from the lack of reliable dafta on the structure of the
latter for different types of cloud (for stratified clouds with
sharp enough boundaries, for which data were presented in § U4

of Chapter 3). Therefore, we conslder the statistlecal character-
istics of the vertical structure of the radiation field only

for stratified clouds.

We assume, as before, that
Po=FodP  Go=To+q TO=TQO+7{! (1.39)

and that the variations of the normalized humidity profile q{z)
above the clouds can be neglected, for simplicity (to introduce
these variations complicates the relations presented below only
a little). It is not difficult to see that '

= ", = . P | . 1. . - o
Wy = Wy - wy; Wy —‘Tn: Wy = L—g‘(Pu% + GoPo + Pogo). [ (4.40)

Then the equation for transfer of ascending long-wave radiation
can be written in the following form, analogous to (4,25):
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0058 d§ -i—cosB = (Wy -+ wo) 7 () &y (‘f;){ Q,B)—I——
LG e)—Bw(c)l Bl )

KT

(4.41)

We express fthe boundary condition at the top edge of the clouds,
whose height varies randomly, in terms of the variations of its

temperature TO:

BB(T)

fﬂLQ}%Jki = By (Tq) + 7. (4.42)

The equations for Jj}| and 7| will take the form:

oI, (_ K — ' _
c0s8 5 = (T +-22) g Q) k() TG, 0 — BT Q) +

fak 8B, [T
+ L K (00 8) — o G 9 — O (4.43)

X (BoK g (§) + GoKper (cn} o ’

) : 3B, 7 (§)] S
0030 ¢ =Tog Ok (0) {160 — —T7— IO + wia @)k (©)

X {T. (&, 8) — B, [T @)1 (4. 44)

Neglecting the second moments (apart from K q ) in Equation
0=0

(4.43), we can obtaln expresslons for the mean intensity profile:

T4 0) = Bu(To)oxp [~ (@ + K’;f‘") sec 0 yc ) ¢ (3] —
- . : 4

T

Serens o [~(mo+ 2] o 95’“@ ot} o

(L. 45)

and for the intensity fluctuations:
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, aB,(Tw) .
L 8= aiz' Tyexp [ 0, 580 95 ke, (2) q (t) dt}
(4

} a8, (rm T =BT ®] a8
(P ©— w5 X (4.46)
4

Wy
i

X {exp [—-— i, s.ecf:1§ %y (L;r,) ¢ (1) du:l} dt. |

Hence, 1t 1s not difficult to obtaln expressions for the auto-

correlation functilon

B, (F)1?

‘ v ' 4B, (To
Knn (60 9)=[ T K Pt 5O PG00 7

P 15 0)x

4B, [T (#) T,t O—B,[T(®) _ _
x ‘S{_[_Q KroT (t) — ( ey [ ( }] (pDKPoTo + qOKPITq)}X

o
aP, (L, & B) 6B (T) 8B, [T (8]
X G di — —a— V(615 ) S {-——-(—- Kz () —
14
_ 1,0, 09— B,[T () 8P, (L', t, 8)
(Paqﬂm+%%Kmn4**~3r——-dt+
gwo . . .
33 s, 17 )] 0B, [T (W] 3B, [T (t)] o
+S { a7 Krrit, )“‘*—('X ‘ : (4.47)
44 '
? (un a) —B [T,(u)] - — an[? (u)]
P [I—’a ot (8) + qupnT (e — T X
It 8)—B, [T @]
XI o 17 qu (@) + GoKp,r (u')
Iam—Bmm]Iwm—Bﬁmn
+ et ‘ o (FoK oz + o Pupo)}
8P, (5, & 0) 9P, (¢, us 6) N )
T i ldtdu.- : S » ’

For the jolnt correlation functions, we obtain:

. BB ( To)
Kirll 138 = 50 Knir @) PofG, 150) —
8B, T [ () WAL O — B, - -
—3{ “”KTTu, Lt O B ©) T 1] | (1.18)

P 110 B | D
Dty . ‘
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o, (Io}

, KIQ- (C, ) - KT«Qn "'({-'-“" 1; G) -

laB[?ﬁn 'r(:m B, [T (t)] _
~\{=r— Eraly - (FoKagot ToKpad} % | (H-49)
4 & -
P, (L, t; 0 _ . ' A

« ga ) at: o ‘ }

7o)
Kon (6 0) = 2250 Korg, Pu (i ) —

1

8B, [T ()] Inm—B{ﬂm

— {T Kop, (t) — '(Pqu.,pn + ‘?oKpapn )} (4.50)
£ g '
aP . .

W& 50 | _ 1

at

By analyzing Equations (4.47) - (4.50), and allowing for the
statistical characteristics of the structure of stratified clcuds
and of the meteorological elements above it (see § U4 of Chapter 3),
we can observe that the basic paramefters which will allow us to
best take into account the effect of variation of stratified

clouds on the fluctuations of the radiation fileld are the dis-

persion of the height of the top boundary of the clcud Kp p > its
00

temperature KT T and ifs humidity K 3 the autocorrelation

070 BN
moments KT T and KTT’ which relate the temperature of the top
0

boundary to that of other underlying atmospheric levels; the

joint correlation moments Kq m between the humidity and the top
0

boundary of the cloud and the temperature of the underlying levels
(we note that excluding fluctuations of the relative profile q(tz)

from consideration is Justified, to some extent, by The smallness

of the absolute values of dispersion of the specific humidity

above the clouds).
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As regards quantities such as the Joint correlation moments
between fluctuations at the level of the top cloud boundary and

the temperature or humidity at this boundary (K , K ), judging
PpT’ "Podg |

from the results of [3.15], they are gulite small and can be

omitted in Egquations (4.47) - (4.50). From the physical view-
point, this means that random variations in the cloud boundaries
are relatively weakly correlated with the corresponding variations
in the meteorological elements (e.g., an increase in height of

the cloud boundary does not always entall a decrease of temperature
or of humidity at this boundary). Therefore, by itself,la change

in height of a stratified cloud does not always statistically

cause corresponding changes in long-wave Earth radiation.

Having determined the correlation moments from Equations
(4.47) - (4.50), one can easily improve the expression for the
mean intensity profile I.,, by substituting the required gquantites

into Equation (4.43).

To compare the correlations obtained in [7] for stratified
clouds with experimental coefficlents, we calculated the
statistical characteristics of ascending fluxes of integrated
radiation (formulas for these characteristics were obtained from
Equations (4.47) - (4.50) by replacing the monochromatic inten-
gities and transmission functions by quantities integrated with
respect to 8 and v). The statistical characteristics of the
vertical structure of stratified cloud and meteorological elements
in the calculations were taken from the data of § Y of Chapter 3.
Ag can be seen from Figure 4.6 a, the empirical and calculated
correlation coefficients rpgr(1,,) are in satisfactory inter-
agreement. The positive correlation for F' obtained in [7] for
the Sc case at all levels means (as 1t did 1n the cloud-free
case) that the fluctuations F' at great heights are determined
by the fluctuations T' in the lower layers of the troposphere,
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GOre=[ 0 0.0

Figure 4.7. Vertical distribution of rﬁ,h,tw and qm(nrqi,
according to [9] '

a= rtpe(mvy; D—  rgp oy 1= T = 03 2- 0.04; 3- 0.08; U~
0.12; 5- 0.16; 6- 0.20; 7- 0.24; 8- 0.28

especially by variations of T' and the top boundary of the cloud.
Alsc, the latter are positively correlated with T!' at all the
other levels, at least up to a height of 5 km (see Figure 3.6).
As regards other kinds of clouds, the example of calculations of
rop in [7] from measurements of fluxes of self-radiation under

conditions of altocumulus cloud (Figure L.7 b) indicates the
possibllity of negative correlation of F' in the sub-cloud and
above-cloud atmospherie layers. One of the probable causes for

this may be the anticorrelation of temperature variations in the
corresponding layers. However, this assumption, like a number of
other results presented above, should be checked by performing

various measurements and calculations of the statistical charac- /143
teristics of the vertical structure of radiative fluxes and

meteorological parameters.
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§ 4, Angular and Spectral Structure

It was shown in Chapter 2 that the vertical stratification
of the atmosphere, particularly the varlation of temperature and
moisture concentration with height, determines the angular depen-
dence of the intensity of Earth self-radiation, described, for
example, by Equation (U4.31). Naturally, random variations of
vertical profiles of temperature and humidity imply random vari-
ations of the angular distribution of long-wave radiation, as
follows immediately from Equation (4.32). Therefore, the statis-
tical characteristics of the angular structure of the radiation
field can be expressed in terms of the appropriate characteristics
of the vertical structure of the fields of temperature, humidity,

and cloud.

Within the framework of the horizontally homogeneous atmos-—
pheric modelJone must expect a very close correlation between the
variations of the intensity of the radiation emitted by the Earth
at different angles, gince in this case a change 1n the angle 9
means, in essence, a change 1n the weight with which the emission
of different atmospheric layers of the atmosphere contributes
to the Earth emission for different directions. Therefore, for
a weak correlation between the values of temperature or humidity
at different levels in the atmosphere, the variations in intensity
of radiation I,(%, 0) and I,(g &) at a fixed level r, but at different
angles © and £, will be noticeably intercorrelated, as follows
from immediate examination of Equation (4.32). 1In fact, by
multiplyingii@;exby I, (¢, by and averaging over all samples, we

obtain an expression for the autocorrelation function
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0P, 68, 9B ITWI
St —— 5 (;1e)><

1 ' I,(t,E)—B Tt. '
(2 kerrqt, 1 — 2T g 1, ) (4.51)

ar g(t)

¥1aB 7 (8] 98, ?
NAKL: E)dtﬂﬂg{ 7O gy

88,17 1, (v, £)— B, T (W} 98,17 (u)]
T @ s
It 0)— B, [7 (4] I,(t 0)— B, [T (8]
o0 O R, o X
I,(u, Ey—DB,17 ()] 9P, (L. 5 0) 0P, (8, w E)
(u O] Koo 00} 5 =55 dudt.

g ()

In Equation (4.51) we did not take into account variations in
clouds, although|it is very clear that they could be allowed for
without great difficulty, by means of Equation (4.46).

Calculations performed using Equation (4.51) for the inten-
sity of integrated radiation indicate that variations in the
long-wave Earth radiation at different directions are strongly
intercorrelated. It seems that in actual conditions the angular
structure of the field of self-radiatlion of the atmosphere will
be distorted by horizontal nonuniformities of the atmosphere,
and in particular by clouds|(the horizontal structure of these
nonuniformities and the angular structufe associated with them
will be examined specially in Chapter §).
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Similarly, one can establish the relation between the
statistical characteristics of the spectral structure of the
field of long-wave radiation and the corresponding characteris-
tics of the fields of temperature, humidity, and cloud. In this
case, the weights with which the radiation of different layers
of the atmosphere contribute to the emission integrated with
height for fixed values of £ and 0 are transmission functions at

different frequencies v and u. Then

T 4B, [T ()] 8B, [F{1)
R @6 % 1) =L 0768 =~ 0~ Ken (1, 0) PG, 1:0)%

xPu(t, 1:0)— T8 p 150y x

an, [T(t]] I ¢, 0)— B, Tt)
S{  Krr(t, ) — _— [ (]qu(i D x

AP, 0) . 0B [Tm}
o dt — P(g,i 0) %

?aBrfau . I(tm B[TGN
it -k
§{ ar— frr(hi) 7 ()

1

o Pult 58 6PH(§ 5O bS BB [T(ﬂ]aB [r(un

Krl Hix 1 (s.52)

Krr(t, u.)

8B, [T (8] Ig (10, 0) — B, [T (u)} ’
— T ™ ‘Kr(hu)
8B, (TN O =B, @ | T, 0)— r(m
ar g {t) ' 7 ()

1, (1, 8) — B, [T (u)] 8P, (L, 4 ©) 8P, (L, u; 6)
— Kaq . u)}P - —— dudt.

However, in contrast with the angular structure, the spectral
correlation will follow, to a large extent, the correlative
relationships between the variations of temperature and humidilty
at different levels. This conelusion feollows immediately from
general physical reasoning: the varlations in the intensity of
radiation in the relatlvely transparent region of the atmosphere
will be determined by varlations of temperature and humidity in
the atmospheric boundary layer, while the variations in intensity
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and radiation in the strong absorption region are related to
the variations of T(z) and g(z) in the free atmosphere. We
restrict ourselves simply to these comments, since statistilcal
characteristics of the spectral structure will not be used
directly in the rest of the book.

§ 5. Vertical and Angular Structure of the Short-Wave Radlation
Field

The results desecribed in Chapter 1 show that the vertical,
angular, and spectral structure of the field of solar radiation
reflected by the Earth are determined mainly by the vertical /145
structure of aerosols and cloud, and in the absorption bands
by the structure of the concentration of atmospheric gases.

Using the eguaticn for transfer of solar radiation in a
plane—parallei atmosphere for which the vertical distributilons
of the optical and meteorological parameters are random functions
of height, we can find relations between statistical characteris-
tics of the vertical, angular, and spectral structure of the field
of short-wave radiation, and the statistiecal characteristics of

the vertical structure of these atmospheric parameters [9].

For simplicity, we consider the case where the variatiocns of
intensity of short-wave radiation are determined only by random
variations 1n the vertical profile of the aerosol scattering
coefficient, whose structural characteristics were given in 8 5
of Chapter 3. We will consider the aerosol scattering coefficient
o, (z)) for flxed v as a random function of helght z, and represented

in the form

3, (z) = 6,(2) -+ 6. (), | (4,53)
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where the mean profile 'a(ﬁ includes the molecular scattering
coefficient and cl&)::&(@}is a random deviation which we ascribe
only to aerosol scattering b&,(z . We could represent the scat-
tering index similarly. However, in the interest of further
Ssimplification of the problem, and to explain the role of vari-
ations of the scattering coefficient, we shall consider the
Scattering index to be spherical (yo=1). This simplification is
also desirable for the reason that there are presently no reliable
ideas on the vertical structure of the scattering index in the

atmosphere.

Putting vw=1i, o, =0, i’ =0/ in the radiative transfer equations
(1.1) and (1.2), and representing the radiative intensity in the

form

1,(z 68) = I.(z, 8) +I;(z;'6); R,{(z) = R.(z) + R, (z), (4.54)

we obtain equations for the mean profile of the radiative intensity
I and its deviations from the mean profile I' (v is omitted):

cos8 2L = —3() (15, 6) — ()] — Kl 2 0) — Kax (2, 2); (4.55)
—cos8 L = 503 (I, 0) — R(@)] — Kbi(5 2, 0) +Kon (3, z):'[ (4.56)
R(z) =%§ [f*(z, @)_+ Iz, 8)] sin Qdﬁ;l (4.57)
IT(O).= 24 Slﬁ (0, 8) cos Bsin 040; (4.58)

Kor (5,2, 0) =3¢ 0, Korls, 5)=5 (@) B (@) |
I'(co, B) = S8 (8 — L) - - ; (4.59)
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cos 0 a-ag = —s(n) I, 0)— R’ ()] — &' (2) [I‘(z, 0y — ﬁ(z)];“ (4.60)

-cose%f;; —5{z) [Tz, ©) — R' (2)] — &' (8) [T (2, ) — R (5)}; ' (4.61)
1'(0,8) = 24 SI"(O, 8) cos 9 sin 0d6; (4.62)
I, 8) =0, (4.63)

~
=
N g
(@2}

If we omit the second order moments in Equations (4.55) and
(4.56) and transfer to the optical depth

T(z) = \o(ty dt; E':?E(E) dt; |

(=L

it is not difficult to obtain the well-known Integral equations
for a spherical index, investigated in detail by Kuznetsov and
Ovehinskiy [1.82]. The function R(z), represented in the form
of the sum

R =0+ Ho) |

is calculated by solving the integral eguations

@(1) = --exp [~ (3"~ ) se0 Lyl 4 5 Scp(t)El(]jc-_t|)dz;‘ (4.64)

0

0(®) = By (1) + 5 Yo Eu(v —t]) dt | (4.65)

|

where
1tz & exp (—7* sec Eo) cos £y 4 Sq) (8) Ev(2) at
H=4 : g

i—ASmm&uNt i
a N .
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The mean intensities of scattered radiation are expressed in

terms of R(t) as follows:

M, 0) = He %% L sec

Sy

F (t) et-Dseco g, \ (4,66)

Ti(z,0) =sech S R e‘“‘"m ode, ! (L.67)

We have calculated these expressions in detail, since they will

enter into the corresponding formulas for the deviations I'.

By solving the system of equations (4.60) - (4.61) in these
variables with boundary conditions (4.62) and (4.63), we obtaln
', 0= 24w o {[R () By () + 2 e LOLACES (R Bwaul}ae +
° | ‘o S les.68)
+ sec 8 S{R 0+ g ("" [R() - I, e)x} exp [— (v — £) sec 8] di;

T*

f’*(r,e)=sec08{3'(r) "‘”[R() (t,B)]}axp[—(t—r)secﬁ]dt; (4.69)

Here we obtain an equation similar to (U.64) and (4.65) for
the deviation of the function R'(t). Putting R (1) =¢ (z) + H'o (1)

we obtain an equation for determining ¢ (z):'

¥ = P+ S‘P (t)Elqr—tl) dt. (4.70)
Here /147
F(T): + S R(t)E |r_z|)dz__T’S;(g’El(),d:_—f-sec Ty exp [ —
0 o
—(r— LA CF 7 S ) AN
- r)xsecéols o 55( dt.sﬁ(”) o (4.71)

2(u-1)

1
2

"L./_.‘-".

Sﬁ (w) —

E (t) ; du. - (
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The function o' (x)) has the same accuracy as o (1), and the constant
H' has the form

A ‘§ Z(—g[ﬁ (t) B {r)—1§ R (1) Ex (1) du} dt—x—';S:cpf' () Fs (8) dt

t

H =

t—alomEma
Cb . I
From Equations (4.68) - (4.70), we could obtain relations for

the correlation functions KII’ KRR’ KRU’ but these would be

rather laborious, mainly because of the calculation of the
albedo A. However, to clarify the relatlon between characferis-
tics of the vertical structure of the radlation field and the
scattering coefficient, it is enough to examine the case A = 0.%
Then, for R ()= ¢ (1), and from Equations (4.70) and (4.71), we
obtain a comparatively simple equation which we wrilte in more
compact form

R (%) =5 \ROE(T—t)d +%S
_ 0 o

‘ . te R ‘ (4,72)
s . s (1)
=S expl— (v r)seccojseczoga(ﬂ_dn

s () _
=g Potn 1) dt

where

gt l l

T—Uu

I
ﬁ(t)El(r—t)-u_SR(u)
Py(v, )= o
| ReEe—m— \Rw

oiu-7)

u—rx

From Equation (4.72), we obtalin the following equations for
the correlation functions

Krn(z, v') = & 5 Kan(t, ) Ey{|t — t)dt + — S Kro(v', ) Hq (v, ) dt —
0 - . o

S Kp, (v 8) (4.73)

S e T .
_—Z-exp[—ﬂ(r -l——'c)secgu]se\cgob 50 di; ' /

¥ The case with A # 0 was considered in [10].
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. . " ’ 1. T* ’ !
Koo, ) = o \Kualt, ) B1(1 7~ 1)+ 5 { Koo (6, V) Ho (s, )t —
, Ve ) ) Ho (m, £)dE -
. . L 'r:‘K” (t, 1:") .
— -‘;*S— exp [— (v" — 7)sec .;ﬂ] sec o S—E(T— dat.

© oeud

(4.78)

Here /148

Poit, t)

f%mnzﬁﬁl—/ (4.75)
is a negative functicn. Thus, the autocorrelation between R' at
different levels or the joint correlation between R' and ¢' is
determined by the autocorrelation function ZKu(r,tv'). It follows
from Equation (4.74) that Kgt! is a superposition of the positive
and negative correlations between R' and ¢', described, respec-
tively, by the second and third terms of Equation (4.74). This
result reflects the fact that the varlations of o' imply, on
the one hand, variations of R' of opposite signs, because of the
effect of attenuation of the radiation (the third term of Equation
(4.74)), and, on the other hand, variations, of R' of the same
gipn, arising from multiple scattering. Therefore, the vertical
structure of the variations R' will undergo deformation, depending
on the weight of these two factors. This conclusion is confirmed
by calculations of Kap(1,7) and Kge(r,v')made in [9] for a model
atmsophere, using empirical profiles of &(z and correlation
matrices Kelzp,z) [1.10]. The total optlcal depth of the atmos-
phere here was 0.4 and {=60°, 4 =0. Figure 4.7, which illustrates
the results of these calculations, enables us tc determine the
transformation of the vertical behavior of the correlation coef-

ficients rgs (7w t) and raa(ts, t)) .
In fact, at the ground surface level (v=10), the quantity

R'(0), which, for a zero albedo, is completely determined by the
varlations of the descending radiation, I'Y(0,8), is anticorrelated
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with o' (r)] at all levels 1. This means that attentuation plays

the main role in the variations of the descending radiation. With
increase of T, the function R’ (7)) includes variations of the
ascending radiation which are mainly determined by variations in
the scattering, which quickly leads| to an increase in the negative
correlation with ¢'(x) at the higher levels of 1, and to a positive
correlation with o (1)} at lower-lying levels. The levels for
transition from negative to positive correlation depend, as can

be seen from Equation (4.74), on 1% and ¢, as well as on the
vertical behavior of the correlation coefficient re(r,v'). In
particular, the presence of a maximum in the ratio Kooz, )0 (7)T (')
at the layer 7 = 0.16 to 0.28 (z = 1.5 to 4 km) is a cause of

corresponding extreme values in the correlatlion matrix rmcm:WJ

This behavicr of the joint correlation Kgs(r,1’)) also appears
in the vertical structure of the fluctuations R’ (7)) (Flgure 4.7 b).
However, the region of negative correlation coefflclents ruu(v, v)) ilﬂg
is considerably narrowed. As one must expect, because of the
contribution of attenuation and scattering in forming the fluctu-
ations (r), the coefficient of correlation between R () and
R {=*)) 1s of order -1. The levels aft which rpu(r, 1) passes through
zero lie above t' = 0.12 (z = 1 km) for v £ 0.12, For 1 > 0.12,
the correlation coefflcient rar(7, 7') remains positive for all T

and T'.

A transformation leadlng to an increase in the scattering
component of the brightness field 1s alsc observed when one looks
at the vertical or angular structure of the intensity of scattered

solar radiaticn.

In fact, for K“'(‘E, 1:'; 6):[‘ ('L', \9) I (1:’,9); KIQ(T,T',O) =§]" (17, 0) g (1;");"
Kylw 0,00 =T (z,0 (7, 0)fori the ascending radlation, from Equation|

{l,68), we obtain the eguations|
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Kir(e, 56) = 50020\ § (1K un () + Knolts 16 (w, 6) + Ko (s § G, 6) -+ (1.76)

o+ Koo (3 1) G (2,0)G (1, 0)] oxp {— [(v—12) + (" — u)] sec 0} dudt;

T .

Kho(r, 750) = 5000 { 1K mo (1, ¥) - Koo (6, V)G (2, B) expi— (v —)sec0]dt;  (4.77)

0

. ]

Ky (v 8, 8) = sec Osec SS [Kgr (t, w)+Kralt, w) G (¢, 0" Kga(u, t) G{t, 0) + (4.78)
. 00 : .

+ Koolt, w) G(E, 0)G (1, 8] exp [—(v —1) sec 0 — (v —u)sec 0'] didu,

Here

Ray—1I(2,9)

Gt =~z

Similar eguations for the descending radiation are obtained from
Equation (4.69). Examples of correlation coefficients rﬁh*,&r%]
A, (0, 8;7), obtained in [9], for fluctuhtions of the intensity ofl
ascending radiation /7@*,6) and descending radiation I(0, 0) are
shown in Figure 4.8. It 18 not difficult to see that not only
7>, 8)s bubt also, I'*(0,0)] are positively correlated with the
fluctuations ¢ (1), at all levels 1, for not very large 0. The
correlation coefficients rl(v*, 0; 1] (solid lines) depend weakly on
6, although the absolute correlation moments of Klo (x%, 8; vy matrix
have a noticeable angular dependence, with a maximum at 6 = 70°
(Table 4.1). As regards the correlation coefficient ﬁam,erﬂkbroken
lines), they practicallly coincide with rls (t*, 0; 1)l over the entire
range of angles 0< 070", but differ appreciably for larger 6,
taking negative values for 6 > 80 degrees.
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We still see a large posi-

tive correlation in the vari-
ations of the angular behavior
of the brightness, as follows
‘ from consideration of the auto-
! correlation matrices Kh(ﬁtﬂ,ﬁp
| and Kir (0; 0, 9y (below and above
| the main diagonal of Table 4.2,
respectively). It is easy to
verify that the correlation

- - y, f,i”r - . .

Pigure 4.8. Vertical distribu- rh(0;0,8) are close to unity
Ei%fﬁifuﬁrfﬂ'ﬁ;ﬂ () and for the whole range of angles 6
1- 8 = 0 —‘80°; 2- 80°; 3- and 8', apart from 0 > 80°, where
82.5°; 4- 85°; 5- 87.5%; rh, passes through zero and takes
6~ 90° negative values.
In order to map out these peculiarities in the angular
structure, including the very sharp transition through =zero of
K} (0;0,0) , it is desirable to examine the joint correlation /150
matrices Kl (v*, 0; 9y and &4 (0, 6; 7)) between the fluctuations of the
directional and mean brightnesses, which alsoc describe the inter-
action of the variations of attenuation and scattering. Table
4.3 shows that the fluctuations I”(ﬁ,en are anticorrelated with
R’ ()] in the layer 0<7<'0.12 at all 6, and positively correlated
for T > 0.12. The same is true also of 7I4(0,0), apart from angles
9> 80% , for which Ky (0,8, 1) >0 for 1t < 0.12, and, conversely,
K4 (0,0: <0 for 1 > 0.12 (Table 4.4). 'The region where the cor-
relation moments pass through zero, which corresponds to an equal
contribution from the fluctuations in attenuation and scattering,
will depend, of course, on the optical parameters of the atmos-
phere and the position of the Sun. In fact, from the asymptote
of Equation (Y4.68) for A = 0 and of Equation (4.69) as 6 + =, it
follows that
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lim K}i(7, 8; 8) = Kla (v, 8; T);
1 . 4

B ' (4.79)
Hm K41 (0, 8; 0") = K& (0, 6; 0),
e-—-% : ‘

and therefore, the last and first lines of Tables 4.3 and 4.4
are, respectively, limits for the last column and last line of
Table 4.2.

Thus, for the case of a spherical scattering index, we have 1;5;
"determination' of the angular structure of the field of bright-
ness JI'(t*, 0}, determined by the vertical structure of random
fluetuations of the aeroscl scattering coefflcient o' (2 From
the physical viewpoint, thils means that the effect of scattering,
which 1s positively correlated with o' (g, plays a dominant role
in fluctuations of brightness above the cloud-free ocean (4 = 0).

The formulas given above enable us to calculate the statis- /152
tical characteristics of the brightness field even for A # O.
Since this entalls an increase in the contribution of reflected
direct solar radiation, the role of the attenuation fluctuations
must increase, which leads to reduced correlation between the
brightness fluctuations at different angles &. Here one must
bear in mind that under acfual conditions the albedo A will be
a random quantity, uncorrelated with o({z), which also entails
reduced correlation of brightness with 8. These assumptioﬁs are
confirmed by the empirical correlation relations obtéained from
measured Earth brightness data on the satellite Kpsmos 149,
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TABLE 4.1.% JOINT CORRELATION MATRICES Kl (x*, 0; 1) (8=o'/0)f ¥

P |
“ -
0 30 60 T0 B0 82,5 85 87,5 90 I
o | oea.{ 0,76 | 1,00 | 1,09 | 0,9 | 0,82 | 0.64 | .0,53 | 0,41
0,06 | 0,8 | 0,93 | 1,22 | 4,33 | 1,47 | 1,00 | 0,97 | 0,64 | 0,53
0,08 | 0,73 | 0,80 | 1,04 | 1,44 | 1,00 | 0,84 | 0:65 | 0,53 { 0.45
042 | 0,82 | 0,9 | 1,48 | 1,29 | 1,42 | 0,96 | 0,73 | 0,60 | 0,51
0,16 | 0,96 | 1,05 | 1,88 | 1,50 | 1,82 | 441 | 0,8 | 0,71 | 0,60
0,20 | 0,94 | 4,03 | 1,35 | 1.47 1,20 | 1,09 | 0,8 | 0,69 | 0,58
0,32 | 1,02 | 1,44 | 1,46 | 1,59 | 1,38 | 1.6 | 0,8 | 0.65 | 0,58
040 | 0,72 | 0,79 | 1,06 1,13 | 097 | 0,79 | 0,53 | 0,30 | 0,30

¥ Commas in the numbers indicate decimal points.

¥% To pbtain absolute energy units, we must multiply all the
numbers by 10232,

TABLE 4.2.% AUTOCORRELATION MATRICES K}, (x*; 0, 0) AND| Kfr (05 0,0)[% %]

g° [} 30 50 ' _GO 70 .80 82,5 85 87,5 90 .
0 | 04 g;g; 0.67| 075| 0,81 | 0,71 0,60 0.45 | 0,36 0,31
30 0,44 5?25 g:g? 0,82 | 0,89 | 0,78]0,66|0,49 0,39 0,34 !
50 :. 0,49 | 0,53 5?35 g:gg 1,056 | 0,92]0,77 { 0,58 | 0,46 | 0,40
60 - 0,54 | 0,55 0,61| 0,63 ::;3 1,021 0,86 | 0,65 | 0,52 | 0,44
70 0,46 | 0,50 0,5 | 0,58 BTEE é:;: 0,94 0,71 | 0,56 | 0,48
80 | 04| 042|_043| 04| 0,42 6:55 ‘gzgg 0,62 | 0,49 | 0,42
82,5 | —0,00 _;0,10 —0,41 | —0,12 | —0,40 | —0,02 6?55 g:gg 0,41 { 0,35
85 —0,32 | —0,34 | —0,38 | —0,39 | —0,36 | —0,07 | 0,09 EE; gj; 0,27
87,5 | —0,50 | —0,54 | —0,60 | —0,61 —0,55 ['—0,11 | 0,14 | 0,42 5??6 0,21
90 —0,32 { —0,34 | —0,38 | —0,39 | —0,35 | —0,08 | 0,08 | 0,25 | 0,38

¥ Commas in the numbers indicate decimal points.

#¥% Tg gbtain absolute units, we must multiply all the numbers
by 107582,
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TABLE 4.3.% JOINT CORRELATION MATRIX K], (% 0; wj¥¥

90
T - .

[} 30 - a0 . 70 80 82,5 . 85 87,5
0 —0,35 | —0,39 {—0,51 |—0,55 | —0,48 | —0,41 | —0,31 | —0,25
0,06 | —0,25 | —0,28 | —0,37 | —0,40 | —0,35 | —0,29 | —0,22 | —0,17
0,08 | —0,15 | —0,47 | —0,22 | —0,24 | —6,20 | —0,17 | —0.,12 | --0,09
0,42 | —0,05 | —0,06 | —0,07 | —0,08 | —0,07 | —0,05 | —0,03 | —0,02 -
046 | 0,07 | 0,07 | 0,0 0,11 0,10 0,08 0,07 0,07 -
0,20 0,19 0,21 0,28 0,30 | 0,27 0,29 0,18 0,16 |
0,24 0,32 | 0,3 0,458 0,50 0,44 0,37 0,29 0,24
0,28 0,42 0.46 | 0,60 0,66 0,57 0,48 0,37 0,29 1
0,32 0,33 0,42 0,55 0,60 0,53 0,44 0,34 0,27 ’
0,36 0,35 0,38 0,50 0,55 | 0,48 0,40 0,31 0,24 |
0,40 0.31 0,34 0,44 0,48 0,42 0,35 0,27 0.21 |

# Commas ir the numbers indicate decimal points.

¥¥To obt%in absolute units, we must multiply all the numbers
by 10-3s2.

TABLE 4.4.% JOINT CORRELATION MATRIX K}, (0, 6 T)II**

Bu
T

b 30 - 60 FEH B0 82,5 85 87,5

0 —0,82 | —0,8 |—0,39 [ —0,35 | —0,08 0,08 0,25 0,38
0,04 | —0,20 | —0,25 | —0,28 | —0,28 | —0,07 0,04 0,15 0,20
0,08 |—0,44 | —0,45 | —0,47 | —016 { —0,05 | 0,01 | 0,07 0,06
0,12 | —0,05 | —0,05 | —0,06 | —0,06 | —0,03 | —0,00 | —0,00 | —0,05
0,16 0,06 0,06 0,07 0,06 0,00 | —0,04 {—0,09 | —0,18
0,20 0,17 0,18 0,24 0,18 0,02 | —0,07 | —0,48 | —0,20
0,24 0,28 0,30 0,35 0,31 0,05 | —0,09 | —0,26 | —0,41
0,28 0,37 0,40 0,46 0,42 0,09 | —0,08 | —0,30 | —0,47
0,32 0,34 0,37 0,42 0,38 0,08 | —0,09 | —0,27 | —0.43
0,36 0,31 0,33 0,38 0,35 0,08 [ —0,08 | —0,28 | —0,39
0,40 0,27 10,29 0,34 0,30 0,08 | —0,08 | —0,22 | —0,34

¥ commas in the numbers indicate decimal points.

## To obtain absolute units, we must multiply all the numbers
by 10-382.
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5§ 6. Angular and Spectral Structure of the Earth's Brightness

Field, from Measurements on Kosmos 149

A unique possibility for 1nvestigating the angular structure
of brightness of various Earth features is the measurement of
absolute intensity of reflected solar radiation performed on
Kosmos 149 in the spectral region 0.74 pm [11]. This stems from
the fact that the TF-3B telephotometér mounted on this satellite
surveyed the Earth along the flight trajectory. Therefore, during
successive scans, the telephotometer measured the brightness of
8 single terrestrial object passing in the field of view of
the instrument, at different angles to the local vertical, which
enabled one to construct the angular distributions of solar radi-
ation reflected by the object. Reduction of the information
obtained was performed in [12]. All the angular profiles obtained
from Kpsmos 149 (Figure 4.9) were divided into three families zas
regards the brightness coefficient i, (08, ¢) of the reflecting objects
at the nadir direction 8 = 0 (the zenith distances of the Sun ¢
varied here in the range 50 - 70 degrees). The first family (Ml)

included angular profiles of 71 (0), which increased with increase
of B(RO < 0.6). The second family (M2) ineluded curves of 7 ()

decreasing with increase of RO (RO > 0.6}; and finally, 1n the

family of I we distinguish the sub-family M, of angular profiles

3
(0 £ R 2 0.4) which refers to weakly reflecting surfaces 7(g) .

For each of these families, composed of N = 20 to 30 curves of

1(8,) > which are considered to be random vectors, [12] constructed
mean profiles I (8;) , mean square deviations or(0,), autocorrelation
matrices K (0, 6,) » and correlation coefficients ror (B, 0,1 . /153
Examples of these characteristics for the above families of

angular profiles are given in Figure 4.10.

259



e #, Fa g
| A7 |
! \ i Z

L . ' s
f: ‘--""aﬁ__ i __'_ T
sf s i T
{ i —l { i I 3 ] L i '
—yF -2y g 2¥ . —9F =iE 8 2V ~yy -2 F ¥ vFe°

Figure 4.9. Mean profiles of brightness I{0) (solid lines) and
mean square deviations OI(G) (broken lines

1, 2- N = 20 and N = 25 - 30, mw/cm2i$teripm, respectively

The average profiles of I (8;) describe typlcal angular distri-
butions of reflected solar radiation above varlous underlying

surfaces: one obtains a concave profile for a low value RD of

the reflecting surface, and a convex profile for strong reflec-—
fion (see § 3 of Chapter 1). We note that amongst the family of
curves of I(m{obtained f'rom Kpsmos 1#9, there is a neutral type
of angular profile describing the behavior of the atmosphere
brightness above an underlying surface with the mean value of the
brightness coefficient (RO = 0.5 to 0.8). Here one does not see
a single~valued dependence of the type of angular profile on the
reflection characterlistics or illumination or observation condl-
tions. In addition, for the same average values and closely
adjacent values of ¢, and of the azimuth Y of the scan plane,
three types of curves of [(0), can be encountered, as is i1ilus-
trated in Figure 4.11. This means that even finer characteris-
tics of fthe reflecting surface play a part in forming the dis-
tribution of angular brightness, in some cases the microstructure
of cloud formations, for which angular profiles of Figure 4.11

were obtained.
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Figure 4.10. Normalized correlation matrices riz O, 05)]
a- RO £ 0.35; b- RO £0.2; 1-N = 20; 2-N = 25 = 30

The mean square deviations o;(8,) prove to be weakly dependent
on 0, (see Figure 4.9) in almost all cases, which gives reason to
hope that the random fluctuations of the angular profiles are
homogeneous. A finer structure in the fluctuations of angular
brightness profiles can be obtained by examining the autocorre-
lation matrices Ki (0, 6,) and their eigenvectors. The normalized
correlation matrices ri(0,, 8) presented in Figure 4.10 are evi-
dence as to the rather high degree of correlation of the fluctu-—
atlons in the angular distributions of brightness in the case of
RO (see Figure 4.10, Ml and Mg), which 1s a consequence of the

vertical homogeneity of the cloud formations for which the basic
volume of angular profiles of type of M, and M2 was| obtained.

However, in the case of small RO, which characterizes the atmos-
pheric brightness above a water surface, above a comparatively
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Figure 4.11. Angular profiles of various types
a- R, = 0.68, ¢ 4g - 50°, v = 100 - 102°; b-
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0.84 - 0.87,
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0

weakly reflecting land surface, or above a semi-transparent
cloud, there is a tendency for a decrease in the coefficient of
correlation between the brightness fluetuations in the region of
minimum intensity of reflected radiation (near the nadir)} and

at large 8 (see Figure 4.10, M3). Here the minimum correlation

in this region becomes more pronounced when the range of small

values of R, 1s narrowed, and 1t is smoothed out when one combines

0
the corresponding family of curves [ (8)of angular profiles with

higher values of R The correlatlon between the brightness

0"
fluctuations at large 68 1in the two half-planes of the sky

remains high, as before.

This effect can be explained by considering the correlation
dependence of the brightness, arising both from fluctuations in
the aerosol scattering coefficient, and on the variability of
the reflection characteristics of natural surfaces. In fact, for
zero reflection, the correlation of the brightness for all angles
6 is determined completely by the fluctuations in the scattering
coefficient. In the case of weak reflection, the fluctuations
of brightness 71(0) 1in the region of the nadir will be determined
mainly by fluctuations in the brightness coefficient RO of the
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reflecting surface, while for large 6 the fluctuations of I (0)
arise mainly from fluctuations in the atmospheric scattering

coefficient, which are not correlated with RO’ of course. This

is probably alsc the cause of the minimum of correlation shown

on Figure 4.10 (M3)-

On the other hand, in cases with strong reflection, the
fluectuations [I' (0) are determined for all © mainly by the vari-
ation in the brightness coefficient, which implies a high
correlation, as illustrated by the curves r11 in Figure 4.10

(Ml and ME)' The filling in of the correlation minimum near the
nadir as the family of angular prcfiiles M3 expands because of
values of [I(8) corresponding to larger R, 1s exactly linked

to the increase in ﬁhe effect of fluctuations of RO on the increase

of the correlation coefficient rry at all 8. It should be noted /155

alsc, even

that there is a decreasge of r for families Ml and M

IT 2
for an enlarged range of angles 8; the fluctuations of brightness
for very large 6 are weakly correlated wilth 1 (0) at small . The
reason is that there is equalization at large 8 of the contribu-
tion of the above factors, which are responsible for the correla-
tion of the angular brightness profiles, and also for the effect
of the horizontal nonuniformities of reflecting objects in the
spatial averaging near the Earth's horizon. The nature of the
correlative dependence and the degree of uniformity of the
angular brightness profiles is rather clearly described by a
system of eigenvectors o (6,) of the matrix Ky (0, 6). The examples
of the vectors o (0,) for the matrices given in Table 4.5 (these
correspond to the normalized matrices of Figure 4.10) are

shown in Figure 4.12. Interesting features are the convergence
and certalin differences in the first three eigenvectors for both
kinds of angular profile. In some cases, these vectors are

reminiscent of the first three functions of an even trigonometric
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TABLE 4.5.% AUTOCORRELATION MATRICES x}, (,,0) [IN
(mw/cm?ster-jm)] FOR ANGULAR PROFILES OF TYPE M, AND M,

1)
]

—66 | —G0 | —54 | —4B | —36 | —30 | —24 | —1B | —12 ] —6 0 [ i2 18 | 24 | a0 |

—66 ¢ o 31,2} 30,1; 27,2) 25,0 24,1| 23,1| 22,1| 21,3| 20,8] 20,2{ 20,7} 20,4 21,6 — | —

31,0 30,4 : .
—60] 9.7 (41 5 0 27,9| 25,8 24,9; 23,9) 23,4) 22,2 24,7 24,2 21,6 24,0] 22,2| — | —

31,2
| 28,9 .
54 9,9 12,6| 14,6 26,8 26,3| 25,2| 24,5| 23,1| 22,6 22,1| 22,6) 22,0) 23,2 — !

2T 4) 99 5
—48] 10,2] 13,5{ 15,4] 16,8 “*°| 24,8| 23,8 23,2) 21,8 21,2| 20,7 21,0] 20,4 24,6} — | —
23.8 _

—26] 10,6! 14,2} 16,2 17,7] 18.8 22.6| 21,9 20,6 20,0! 19,6| 19,8 19,2 20,3 — | —

23] s,

~30| 14,1 14.9) 16.9] 18,6| 19,7 20,90 ““**| 21.8] 20,4 19.7] 19.2] 19,3 18,8 19.7] — | —
22,4 o1 7
—24i 10,9| 14.5| 16,7] 18,2 19,3] 20,5/ 20,4 20,5| 19,5 18,8| 18,8| 18,2| 18,8] — | —

. . 201
—18 11,2] 14,2| 16,4 17,7| 18,8| 19,8 19,8| 19,9 19,2 18,7| 18,7| 18,2) 18,8| — | —

, 19,4 45 5 .
—12] 14,2| 14,5] 16,7) 18,2| 19.2| 20,4 20,3| 20,8] 21,8 17,9| 17,8 17,5} 17,9) — | =
‘ 18,8 47 7
—6| 14,7) 15,2] 17,4] 18,8] 20,0} 21,2| 21,2 21,3 22,6 23.6 17,8} 17,5| 18,0 — | —

. : 18,00 5.3
0 11,8 15.2| 17,4| 18,7} 19,9(-24,0 20,9 21,3| 22.4| 23,5| 23,7 *°"°| 18,1 18,5 — | —

192004 |

8 11,9 15,2! 17.4] 18,7] 19.9] 21,0| 20,9| 21,3| 22.3! 23.4] 23,7 24.0 19,5 — | —
19,9 90,4
12] 12,0, 15,4 17,7) 19,0| 20,3| 20,5] 21,4] 21,8] 22,8) 24,0} 24,2] 24,6/ 25.3) 5. '5t — | —
18} 14,7| 15,4| 17,4] 18,7-20,6 24,2 21.2f 21,5| 22,7| 23.,8] 24,0] 24.2| 24.8] 24.8 — | —
24 11,2 14,2| 16,4] 17,4 18,7] 19,9| 19,9] 20,2| 21,4 22.6| 22.8| 23,1| 23,7/ 23.8[23,0| —
30] 11,0( 13,9| 16,3 17,2| 18,4 19.4] 19,5} 19,9 24,1 22,3| 22,4| 22,7] 23.3| 23.422.822.6

¥ Commas in the numbers indicate decimal points.

system: ¢ {(8,) ~ const, @z (8z) ~ cos By, ¢; (0,) ~cos 2a0,/. This convergence
1s observed to an even greater degree fér a narrow range of angles

Gk in the region of the nadir, where the brightness fields are

more homogeneous. The close relationship between empirical
orthogonal vecteors and the trigonometric functions is a criterion
of the degree of uniformity of the random fields (for uniform

fields the eigenfunctions must coincide exactly with the
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Figure 4.12. Eigenvectors em (8y) of the autocorrelation matrices
Kir 8y, 9y » corresponding to Figure 4,10 :
1- s 2- %p;  3- P

trigonometric functions).¥

§ 7. The Use of Structural Characteristics /156

The characteristics of the vertical, angular, and spectral
structure of radilatlon fields can be used directly in solving a
number of problems associated with the use of satellites for
meteorology. An example of this type of problem is the optimal
extrapolation of the intensity or flux of outgoing radiation,

# This question will be considered in greater detail in & 5 of
Chapter 5.
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measured for fixed heights or angles, to other levels or direc-
tions. This problem arises during radiation measurements from
satellites, when in fact we know only the intensity of the
ascending radlation at the level of the top boundary of the
atmosphere in a given direction 8, and also the average distri-
bution of the intensity of ascending radiation /7, (0) (for self-
radiation, this can be calculated from the statistical character-~
istics of the fields 7 ({Hand ¢ (), and for reflected solar radiation
it can be calculated Trom the characteristics os(z ). Therefore,
at the top boundary of the atmosphere, the deviation [ (6 from

its mean value will also be known.

By using the correlation matrix Kt 6, for example, for
the Earth's self-radiation, we can extrapolate I;m,e” in optimum /157

manner to other fixed levels using the relation
L, ) = eu(t, 8 1.(0, 6).

The coefficient e,(, 6), determined from the condltion that the

functional

& euit, 01 = 1L 6) — . & O 1.0, OF, | (4.80)

should be a minimum has the form

Kep (,08; 0)

The relative errors in the optimum extrapolation e(, 0)=4§(, 8Y/
[Kir (5, §; 8)% can be expressed in terms of the correlatlion coeffil-

cients| ru(k, 0; 0):]

o O =VT—r5, & 0 0). |

The correlation moments required to perform optimum extrapolation

of Equation (4.80), are given in § 2.
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Using the joint correlation functions KIT’ KIq’ KIpO’ we

can best determine the temperature and humidity profiles, as

well as the height of the upper c¢loud boundary. A statement of
the problem of optimal determination of the temperature field

from radiation measurements of Earth's self-radiation in the
spectral ranges 8 - 30 and 8 - 12 um, obtained on the Tiros II
satellite, was given in [3.5]. However, the Joint correlation
functlions AKAy{p) constructed for this purpose for the horizontal
coordinate p have shown that, even for the spectral region 8 - 12
um, the coefficients of correlation between the measured radiative
fluxes I and atmospheric temperatures at various levels, but

for the same points on the Earth (p = 0), do not exceed 0.5 in
absolute value. The authors of [3.5] explain this very weak
correlation by errors in the taking of the satellite data and

the effect of clouds. Without eliminating the possible effect of
these factors, we note that the low correlation coefficient

rir (0,4} obtained in [3.5] is in agreement with the low theoretical

values of r (see Figure 4.1). An interesting feature is the

IT
agreement of the negative correlation between Earth radiation in
the transparent window and the temperature of the upper layers

of the troposphere.

It is probably because of the weak correlation of Trrs

which moreover, decreases with p, that the authors of [3.5] did
not give examples of optimum determination of T from I. In [13]
is glven a more optimlstic assessment of the possible optimum
determination of temperature of underlylng surface and moisture
content from the outgolng Earth radiation. In ocur view, the
solution of this problem should be considered only as an auxiliary
means of extrapolating the solution of exact inverse problems in
determining the vertical profiles from measurements of emission

spectra 1In the viecinity of the region of measurement,
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Another more dependable problem of optimum extrapolation is
determination of the intensity of Earth self-radiation for variocus
directions &' from measurements of 7,(0,6) in the direction 0.

For this purpose, the autocorrelation functions for the angular
structure of the radiation field &Ky (L, 0; 0') are used.

In other words, the set